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Geology of a Continental Slope Oil Seep, Northern
Gulf of Mexico’
E. WILLIAM BEHRENS'

ABSTRACT

Atr oil and gas seep was documented by replicate sam-
pling with piston corer, e btsndmtt high-resolation and
gparse multichannel seismic reflection profiling, and
chemical and isotopic analyses. The seep occurs ou the
upper continental slope over & salt ridge interpreted to
split and piunge eastward, northesstward, and north-
ward. Therelatively shaliow diapir Over which the seep-
age occurs is maaifested at the surface by a graben in
strike section and by & half-grabers in dip section. Fault-
ing over the crest is commonly associated with loss of
reflected e nergy or acoustic wipeouts. Most cores taken
in wipeouts with prolonged bottom echoes coatain oil
and gas. The cores also commonly contain secondary
carbonate derived front microbial degradation of hydro-
carbons. The isotopic lightness of the carbonate and its
negative correlation with porosity may be subtle indica-
tom of Seepage a SIteS where oil and gas arc not obvious.
The seepage demounstrates the existence of source rocks
and maturation at this site.

INTRODUCTION

Of the four requirements for a hydrocarbon deposit
(source organics, maturation, porosity, and entrap-
ment ), satisfaction of the first two is directly proven by
observing hydrocarbons that have migrated to the
surface-an oil Seep. A seep IS particularly significant in
a frontier province of petroleum exploration. This paper
reports on the geology of an il seep located on the upper
continental slope in the Green Canyon sector of the
northern Gulf of Mexico (Figure 1). Thisis the first off-
shore oil seep in the northern Gulf of Mexico to be docu-
mented by a detailed geophysical survey, replicate
sampling, and chemical and isotopic analyses of the
hydrocarbons.

Direct evidence of oil migration is the occurrence of up
to 8 %o extractable hydrocarbons in sediments cored at
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this locality. Of 16 piston cores taken in the area, at least
nine contained liquid crude oil macrescopically visible
either to the unaidedeye or as bright fluorescence under
ultraviolet light. The structural features of the continen-
tal slorc off western Louisiana and Texas result primar-
ily from salt tectonics. with diapirie structures underlying
approximately one-half of the region (Martin, 1980).

Location

The1,500 km® (440 nmi®) area studied lies between lati-
tudes 27 “35‘ and 28 %00 ‘N and longitudes 91 %05 * and
91'725 ‘W and includes water depths from about 200 to
1,000 m (660-3,280 ft) on the upper continental slope
(Figurel). The study area jswest of the Mississippi fan
and in the central slorc (Holland, 1970), a province char-
acterized by such an abundance of diapirs that sedimen-
tary strata occur essentially as isolated or semi-isolated
intraslope troughs or basins (Martin and Bouma, 1978).
The oil-bearing cores were from a more restricted (70
km’; 20 nmi’) area within latitudes 27 “43' to 27'45 ‘N
and longitudes 91012’ to 91 °22 ‘W in water depths from
about 540 to 630 m (1,770-2,070 ft; Figures 1, 2).

METHODS

Thearea was crossed first (March, 1981) while collect-
ing multichannel data for a regional intraslope basin
study, which included piston coring. A core containing
oil was taken during July 1982. After this discovery, a
rectilinear grid of 36 north-south and 26 east-west lines
was surveyed (Figure 3). High resolution (3.5 kHZz)
vertical reflection profiles were collected continuously on
all cruises: 1,355 km (730 nmi) within the grid; 1,620 km
8375 nmi) total. All navigation was done with LORAN-

The 3.5 kHz reflections were from as deep as 100 m
(330 f1) and thus enabled mapping of not only bathyme-
try but also features such as faults, gas wipeouts, and
extent of strata (Figure 2). These features were used to
interpret deeper structures, especially diapirs, which
could be verified at a few points with the multichannel
dara. Subbortom depth estimates are baaed on velocity
analyses of multichannel data nearest the site discussed.

Thetarget for the core in which oil wasinitially discov-
ered was a fault escarpment. Thus, the 15 subsequent
cores were aimed at faulted zones and 3.5 kHz reflection
patterns commonly associated with faults. Cores were
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(separsted by dashed lines) are discussed in the text. Locations
of torts with visible ofl are shown as solid circles.

analyzed for bulk density, water content, and CaCQ,
content a 20-cm (6-in.) intervals where possible. Organic
carbon, stable carbon isotope, and hydrocarbon and gas
analyses were done on a variety of samples selected on the
basis of visible ail or oil fluorescence. Chemical analyses
have been reported by Anderson et al (1983) and Ander-
son (1954).

OBSERVATIONS AND INTERPRETATIONS
Faults and 3.5 kHz Reflection Charscteristics

Normal faults are @ bundant. Recently active move-
ment is suggested by spectacular seabottom fault escarp-
ments of 70 m (230 ft) or more (Figures 4-6). Two
fault-block types were mapped: single, normal fault-
blocks and crestal grabens. Crestal grabens are defined
descriptively as fault pairs or sets with a central down-
thrown zone and located in aregion that is structurally
elevated above adjacent areas or is upwarped from a
region of monoclinally dipping beds. This structural style
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Figure 2—Geologic map. Type | wipeouts bave wesk O gormal
bottom echoes. Type Il wipeouts bave strong @ nd prolonged
bottom echoes. “G” Is loeation of deep wipeout shown ia Fig-
ure 10. Hatchures and small squares arc oo the downthrown
sides of faults. Patterns aad symbol meanings arc indicated by
labels on figure.

is, of course, typical of the zone of extension over a
diapir.

The most widespread reflection pattern in this and
many other parts of the northern Gulf of Mexico consists
of multiple, parallel tosubparallel, draping reflections
through about 100 msec of record, representing 75-100 m
(250-330 ft) or more of subbottom. In (and beyond) the
study area, three stratigraphic units commonly can be
identified within this section (Figure 7). Upper and lower
[(3) and (c) respectively] mostly transparent units enclose
athicker unit (b) with multiple (20-30) internal paraliel
reflections. Unit (@) is generally 5-15 m (16-50 ft) thick;
(b) is 35-120 m (115400 ft), and (c) is 15-60 m (50-200 ft)
in thickness. Unit sa) thins to zero over part of the study
area (Figures 2, 7).

Sedimentation rates for upper slope regions (10-60
cm/ 1,000 years; 4-24 in./1 ,000 years) suggests the
boundary between units (a) and (b) represents the rime
when the depositional system changed from that charac-
teristic of low sealevel glacia conditionsto that charac-
teristic of the present high sea level hemipelagic domain,
or about 15,000-10,000 years B.P. Unit (c), by analogy,
may represent an earlier period of relatively high sea
level.

Many subbottom reflections within these units weaken
or disappear completely. These lost reflections arc
termed wipeouts, of which two forms are recognized. In
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Figure 3—Track lines used to map bathymetry and geology.
Heavier dashed lines with dinted numbers are parts of tracks
illustrated in other figures, with circled sumbers beimg figure
numbers. fines in Figures 4 and O overlsap slightly with extents
indicated by parentheses o t the end Of the line opposite the fii
ore number. Indiscernibly small numbers are time
annotatons—usually every 15 ado.

the more widespread type (f), the loss of subbottom
reflections is accompanied either by no change or by
weakening of the echo from the sediment-water interface
(Figures 5, 6). In the second type of wipeout (IT), the sub-
bottom characteristics are the same as in type |, but the
bottom echo is strong and prolonged (Figures 6, 7).

Lass of subbottom reflections must represent either a
loss of reflectors or aloss of sound energy beforeit can be
reflected. Loss of energy can result from scattering or
absorption (conversion to heat energy). The preseace of
gas bubbles (even small quantities) in water and sediment
has been shown to affect very high attenuations by both
mechanisms (Silberman, 1957; Anderson, 1974), and
correlations of gaseous sediment with reflected energy
loss (wipeouts) have been reported (e.g., Addy and Wor-
zel, 1 979).

Prolonged bottom echoes have commonly been correl-
ated to rough or coarse-grained sediment textures (e.g.,
Damuth, 1978; Addy et a, 1982). In type 11 wipeouts.,
loss of subbottom reflections may involve gas attenua-
tion, but also may result from high reflectivity and scat-
tering at or just below the water bottom.

In the study area, wipeouts almost always occur associ-
ated with faults and/or areas of high relief or irregular
bathymetry. Wipeouts, especialy type H, were the reflec-
tion characteristic targeted for coring. These targets were
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Figure 4-Fresh escarpments of approximately 70 and 50 m
(230 and 16S ft) suggest very active tectonism. 3.5 kHz reflec-
tion profile; see Figure 3 for location.

successfully struck at 140f 16 sites, and 12 of 14 on-target
cores contained gas.

Bathymetry and Structursl Anslysis

Bathymetrically, the study area can be divided into
four east-trending zones, subparallel to depth contours
(Figure 1). The shallowest, northern zone (1) ischaracter-
ized by broad features and gentle slopes (1 °) except for
two high-relief banks in the western part. The second and
third zones { 11 and I11) have intermediate (2.5 % and high
(5 ) slorcs, respectively. The southernmost zone (IV) is
characterized by alternating troughs and broad uplifts.

Zonel. —=Zonelisinterpreted as an uppersiope basin
bounded by piercement diapirs on the west and, down-
slope, by a Salt ridge, which swings northeastward
forming a partial lateral boundary to the east. A
common-depth-point (CDP) profile (Figure 9) shows the
upslorc (but basinward) dip reversal in the southern part
of zone | and shows at least three well-developed seismic
sequences in the upper 3 se¢ (2.8 km or 9,200 ft) of this
basin. Bouma (1981) and Beard et al (1982) have inter-
preted such sequences as reflecting Pleistocene glacio-
eustatic cycles. Beard et al (1982) recognized eight
Pleistocene seismic sequences at another point on the
slope. Thus, the section seen here is probably Pleisto-
cene.

The western diapirs have bathymetrically obvious
relief of up to 200 m (651 ft). Piercement is indicated by
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Figure 6—Types 1 (g) and IT(G) wipeoutsin & 3.5 kHz profile
across the same featares shown in Figure 5. Arrow shows sug-
gested fault movement. See Figure 3 for location.

the pinching out of shallow stratigraphic units (a)-(c)
against very prolonged bottom echoes, which suggest
indurated sediments and/or a coarse lag of surface mate-
rial. The CDP profile (Figure 10) shows salt or caprock at
approximately 790 m (2,600 ft) subbottom and, possibly,
a deep, gas wipeout adjacent to the diapir.

Eastward from these diapirs, the bathymetric contours
show first, a broad southward-plunging trough and sec-
ond, a rise across zone | (Figure 1). These contours may
represent, respectively, salt withdrawal and a deep, salt
pillow. A set of east-west faults (27 “47' to 27°49 ‘N,
91“13' t0 91 “17 'W) appears to form agraben with small
fault displacements (0-10 m; O-33 ft) and with a minimum
of associated uplift; however, this feature may be a
trough between two slightly overlapping uplifts to the
west and east. The eastern feature is afaulted, broad
upwarp from which unit (a) is absent (Figures 2, 7). The
erosional or nondepositional hiatus includes the upper-
most one of about 20 reflections in unit (b), but al older
units are unaffected. Thus, uplift occurred near the end
of or after deposition of unit (b). The amount of uplift
estimated by measuring the height of the erest above a
uniform average dope for adjacent parts of the line is 57
m (190 ft). Using an age range for the top of unit (b) that
represents a possible range of times when sedimentation
changed from low to high sea level conditions (9,500 to
19,000 years B.P.), the rate of uplift ranges from 3 to 6
mm (O. 12 to 0.24 in.) per year.

Zone II.—In zone ||, average slopes increase to 10-50,
but relief caused by faulting increases abruptly and is the
highest of the four zones. Wipeouts are also most wide-
spread, sometimes extending entirely across the zone
(e.g., 91"15 ‘ to 91 °19 "W; Figure 2). East of 91°15.5 ‘W,
this zone doubles in width by bifurcating, one ridge con-
tinuing more or less eastward and the other trending
northeastward.

West of this widening, faults are aimost all down-
thrown downslope, but northeastward, past the bifurca-
tion, the faults become more symmetric and form a
crestal graben (Figure 8). The ridge bearing this graben
continues northeastward, becoming the upwarp without
unit (a), and therein, faulting simplifies into one fault
downr.brown northward into the zone I basin. Faulting
does the same in the eastward extension from the first
bifurcation. At approximately 91 ‘12.5 ‘W, the north-
eastern ridge may bifurcate again with the northward
extension being the broad ridge (salt pillow?) in zone 1.

Zone ITl.—In Zone 111, the slope increases abruptly to
2 “-9°. The zone extends from 800-1,000 m (2,600-3,280
ft) water depth and has few faults. Zone Il is interpreted
as the downslope flank of a diapir ridge that forms the
central structure of the study area.

The simplest form of this structure can be seen in the
region between longitudes 91016’ and 91 °20'W. There,
bathymetric zones L |1, and 111 can be considered as anal-
ogous to the flank-graben-flank sequence seen in Figure
8, but different in that the whole system istilted down-
slope. The addition of regional dip to the diapiric uplift
makes the frank dopes unsymmetric—flatter upslope,
steeper downslope. Within the crestal zone (11), the
downslope component of gravity enhances extension at
theupslope side, but weakens or replaces extension with
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other possible cycle or sequence boundaries. Fanlting Within
zone of intermediate dope is snore intense and compiex thaa
o |seAsere. Note deeper structural crests (snows) beneath this
zone seem to be farther upsiope. See Figure 3 for location.

compression at the downslope side; and the graben in
strike-section becomes a half-graben in dip-section (Fig-
ures 6, 9).

Although the multichannel line(Figure 9) Shows that
uplift is centered under the faulted zone I, the profile
shows no reflection strong enough to be interpreted as
salt or caprock. However, the presence of salt isindicated
by a downward increase in interstitial water salinity to
> 2000/, (Six times that of normal seawater) in a core
taken within the zone (Figure 11).

Zone [V.—Zone |V, from west to cast, consists of pan
of atrough, arise, another trough, and part of another
rise. These structures are interpreted as alternating zones
of salt withdrawal and diapirism. Graben-type faulting
and type 1 wipeouts on the subcentral rise support the
diapir interpretation.

Thetrough east of this uplift is well defined by faults,
(Figure 12) which, in fact, make it a graben. With awidth
of approximately 7 km (4 nmi), the trough is roughly
twice as wide as the largest diapir-crest graben. The
trough 15 aso much longer, extending southeastward

- 012 3 km-

7))
o
salt or p-4
caprock ; s X F 0
"..,“,,'.'.'." ,:.*: \ ..,-‘ IVER] T !
R e NS o
9_/ O : e s Lot
e 3 W
175
i . e _—I"“’L
N -3
deep (gas?) wipe Out

Figure 10—Malti-chanae! (12-fold) profile through the high-
relief baaks in northwest part of study area. Upliftis uaderiaio
by strong reflection (at approximate} 1.4 see) charscteristic of
sait or caprock. Oae pinnacle isunderiain by a deep 0SS of seis-
mic energy analogoas, perhaps, to gas ™ peouts ia 3.5 kHz pro-
fifes. See Figure 3 for location.

beyond the study area. This trough merges northward
into the steep slope of zone Il and projects into the nar-
rower graben cresting the northeastward-trending arm of
the bifurcating diapir ridge in zone I1. The faults forming
the boundaries of this trough are interpreted to result
from differential vertical movements due, in turn, to salt
flow at depth, and not to result from extension across an
uplift. The trough shape may be fortuitous or may reflect
glacierlike downslope movement of the salt, sliding by
gravity over thinned, transitional crust at an early stage
of basin development.

Diapir Network

Thediapirs in this area may form a network of struc-
tures (Figure 13). The more separated diapirs occur in the
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northwest and southwest of the study area (although con-
nections to other diapirs at depths greater than about 5
scc cannot be ruled out entirely). The primary network
consists of a central diapir ridge (CDR), which splits
twice to form eastern, northeastern, and northern arms,
each plunging away front the CDR. This splitting results
in zone 11 changing from highly faulted to the west into a
smooth swale between two 1sss deformed anticlines to the
east.

The CDP line crosses the CDR near the first bifurca-
tion. The salt cannet be seen clearly, but the structure
suggests that its top is no shallower than 824 m (approxi-
mately 1 sec or 2,700 ft) subbottom (Figure 9). At greater
depths, structural crests seem displaced upslope. The
CDP line also crosses the eastward and northeastward
extensions of the CDR where minimum depths to diapir
tops appear to be 980 and 1,360 m (3,200 and 4,460 ft)
respectively. This line aso shows that diapiric uplift
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crasts slightly downslope of the bathymetric crest of each
ridge. Furthermore, a normal fauh near the bathymetric
crest Of each ridge has the downthrown side to the north,
suggesting slightly greater extension upslope. These
observations could be explained by slight downslope
tilting, overturning, or thrusting of the diapirs.

At about 27048 ‘N and 91 “12 "W, the northeastern am
may split again forming a continuation to the east-
northeast and a new arm under the broad, slightly faulted
ridge extending due north to the shelf break (Figure 13).

Hydrocarbon Oecurrence

The hydrocarbons are within a homogeneous to lay-
ered, clayey mud. Most of the mud is olive gray, but some
with higher Organic content is dark gray to black, and
some surficial mud (top 1-3 m of core) is lighter in coior
and browner. A brown/gray color change commonly
associated with the Holocene-Pleistocene boundary
occursin six cores at depths from 40 to 320 cm (16 to 126
in.). The radiocarbon age of this color change in other
slope coresis 12,000 years B. P., indicating an average
Holocene deposition rate of 13 cm (5 in.)/1,000 years at
about 70% porosity, which is consistent with other esti-
mates for slope sedimentation rates (Behrens, 1980). The
oil occurs in both Pleistocene and Holocene strata.

The ail occurs in four modes. In large amounts, oil
forms (1) an interconnecting network of veins with gum-
like texture. In smaller amounts, oil maybe (2) dissemi-
nated as tiny droplets, (3) disseminated as linings of gas
vugs, or (4) lining high-angle fractures. The fractures
have the attitudes of normal faults, but displacement is
not apparent within the cores. Gas-liquid chromatogra-
phy {(GLC} analyses showed the oil is largely an unre-
solved, complex mixture with both the normal alkanes
and aromatic hydrocarbon peaks being nearly absent
from the chromatography (Anderson et a, 1983). This

e

|_ P e

I

'/‘.

“mﬁ
. ,-,/i

1
[

Figure 12—Transverse 3.5 kHz profile of major trough in bathymetric zooe IV. Note siump (S) extending from the western margio
asan e coustically opague zone thinning eastward. See Figure 3 for loCation: (g) Shows type I Wipeout.
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figure 13—Distribution of dispir crests. Dashes are diapir
crests interpreted from bathymetry sad shalow structure
except at multi<bznnel line crossings ( + ). Improbable diapir
crest suggested by graben faults shown betweea question
marks. Lines of squares show bathymetric crests.

finding indicates a high degree of microbia degradation
of the oil and a consequent, significant production of
CO,.

The gases sampled were aimost all methane dominated
but had significant quantities of ethane, propane, and
butanes. I sotopic characteristics indicated a major frac-
tion of the gases had a petrogenic or thermal origin at
depth, rather than coming from shallow, bacterial, meth-
ane generation (Anderson et al, 1983). Thus, the migra-
uon of oil and gas may be considered together.

Table | gives core locations and hydrocarbon occur-
rences. The high percentage of cores with oil and/or gas
supports the association of the hydrocarbons with the
targeted wipeouts in faulted areas. The occurrence of oil
on fracture planes withia the cores further indicates that
migration is associated with this faulting.

Although sampling was not enough to define the full
extent Of Oil and gas seepage, the seepage occurs repeat-
edly within the intensively faulted, intermediate slorc
“zone that isinterpreted as the crest of the CDR (Figure
13). More specifically, the seepage seems to be related to
the faults at the downslope (7 cores) and upstope (2 cOres)
margins of this zone. These faults appear to extend to at
least 1.7 sec depth (approximately 700 m [2,300 ft] sub-
surface; Figure 9). The young age of the faults indicated
by the seabottom escarpments suggests that seepage is
related. to fault activity rather than just fault presence.

TwO migration routes are conceivable: one lateraito
the crestal fauits from adjacent Pleistocene straia and
one from deeper along fractures adjacent to the salt.
Lateral migration seems unlikely because it would
require an extraordinary thermal gradient one or two
orders of magnitude higher than those usually occurring
(2.55 *C/km; O. 14 °F/100 ft) on the Gulf Coast, to reach
a temperature that would produce maturation within the
Pleistocene. The high interstitial water salinity in one
core (Figure 11) supports the second route.

Associations Related to Seepage

Eight of the 16 cores taken in this study had round or
irregular carbonate nodules of obviousiy secondary ori-
gins. These nodules ranged from unlithified soft mud to
rock hard enough and large enough t0 stop and bend over
600 kg (1,300 Ib) of core pipe and lead weight. §°C for
carbonate precipitated from the inorganic bicarbonate of
seawater is Usually near zere (£ 4 ®/oo), DUt values fOr the
nodules were= negative as -40. §°C values for extract-
able bitumen range from -26 to -23 and those for kero-
genlike residue from -22 to -36. Vaues for gases range
from -24 to -61. Thus, a likely source for the second-
ary carbonate is the hydrocarbons via CQ, generated by
microbial degradation.

Secondary CaCO, precipitation is obviously at the
expense of porosity. Undisturbed continental slorc muds
from piston cores in this area commonly have porosity of
approximately 80% at the core tops to approximately
70% at about 10 m (32 ft). Fifteen of 16 cores taken for
this study had porosities beiow 70%, 13 had porosities
below 65%, and 9 had below 60%. Plots of poresity vs.
carbonate content for individual cores graphically show
the negative slorcs that reflect secondary carbonate (Fig-
urel4). Interestingly, these negative correlations occur
not only in plots for cores containing eil, but aso in plots
for cores having only gas and for some cores having nei-
ther oil nor gas (Figure 14). Thus, hydrocarbons may
migrate into surficial sediment, be microbially oxidized
with consequent carbonate precipitation and then
migrate on (or be wholly consumed), leaving only the
atered carbonate-porosity relationship (testable by *'C
analyses) as evidence of the event. The occurrence of
these associations in cores without hydrocarbons implies
that hydrocarbon seepage has bun more widespread
than the present distribution of oil indicates.

The secondary carbonate may also have produced-an
acoustic diagenesis, which led to the high degree of suc-
cessin resampling the oil seep. That is, the association of
prolonged bottom echoes with coarse gravels (e.g., algal-
nodules of Addy et al, 1982) may indicate that the nodu-
lar texture of the secondary carbonate is the origin of this
type of reflection in the study area.

An additional acoustic phenomenon also may be
related to diagenesis associated with hydrocarbon seep-
age. Reflections of extraordinarily high amplitude (or
brightness) but quite limited extent occur in many 3.5
kHz records (Figure 8). The reflections are usually within
unit (b) and increase in abundance near faults. These
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high-impedance contrasts may be from carbonate
cementation but also could be from low-density gas
pockets or high-density sulfides. Carbonate content
probably is not the cause because bright spots did not
occur at any of the sites wherefores containing carbonate
material were taken. Gas pockets larger than those that
could resonate with the acoustic source would not pro-
duce much attenuation, but would have large density dif-
ferences and thus, impedance contrasts with surrounding
muds. However, sulfides are also known to occur as dia-
genetic precipitates associated with hydrocarbons (Sas-
sen, 1980), and their high densities could certainly
account for these anomalously strong reflections. A sul-
fide explanation has the added advantage of involving a
substance which, once formed, is nonmigratory and thus
could remain on a dipping bedding plane, which is the
form of most bright spots (Figure 8).

SUMMARY

The cores studied demonstrate replicate sampling of
crude oil and associated thermogenic gases in surficial
sediments, which, in turn, indicate that the basic reser-
Vair requirements of source organic material and its mat-
uration are satisfied beneath the upper continental slope
in the northern Gulf of Mexico. The presence of seep oil
and gas correlated positively with location over the shal-
lowest part of a set of diapiric ridges, the degree of exten-
sional faulting over the diapir, and the very recent activity
of the faults.

High-resolution (3.5 kHz) refiection profiles showing
the surficial expression of the structure of this region
reveal diapir distribution by a variety of features. surface
piercement is obvious as relatively shallow, high-relief
areas with strong prolonged bottom echoes (without sub-
bottom reflections) against which the normally well-
stratified sediments pinch out. Moderately deep diapirs
commonly have extensional fault systems (grabens or
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half-grabens) at their crests. Within these faulted zones,
shallow reflections commonly disappear, probably due
to the scattering and attenuating effects of gas. Deeper or
low-relief diapirs may be reflected atthe surface by
broad, simple anticlinal structures wherein crestal fault-
ing is minor.

On the continental slope the distinctive diapir-crest
grabens arc most obvious in sections paralel to the
regional strike, and they appear similar to structures on
the continental shelf or on land (e.g., Figure 8). In dip
section, however, the force of gravit y is asymmetric rela-
tive to the two diapir flanks, and favors the formation of
ahalf-graben with normal faults downthrown down-
slope on both sides of the crestal zone. The oil seepage
documented in this study occurs in fault zones at the
updip and downdip margins of just such a haif-graben.

The diapir under the seep is apparently part of a com-
plex set of ridges. The seepage occurs over the shallowest
ridge which extends approximately 13 km (7 ami) east-
ward. This ridge apparently bifurcates and plunges east-
ward and northeastward, with the northeastern arm
bifurcating again and continuing to plunge northeast-
ward and northward. The seepage over the shallowest
part of thisridge system suggests the possibility of up-
plunge as well as updip migration.

Simple normal fauits over the deeps ridges eastward
and northeastward of the seep are downthrown upslope.
Thus, the diapirism has a downslope component possibly
due to salt overturning or thrusting in that direction.
Multichannel data show peaks of crestal structures
slightly downslope from the bathymetric crests and
deeper structural peaks located more upslope than shal-
lower ones. This, in turn, supports a model of upslope
depocenters acting something like rolling pins and
sgueezing salt downslope.

The occurrence of highly saline intertitial water in one
oil-bearing core suggests the migration pathway was
close to the sdlt core of the diapir rather than from strata
laterally adjacent to the extensional crestal faulting.

Table 1. Cares Taken in Oil Seep Study Area

Corrected Core
Core Latitude longitude Water Length
Number N w Depth (m) (cm) Gas* Oil
1G4701-1 2774410 91"12.40 614 485 P P
1G4701-2 27'4405° 91°16.32 b57 602 —_
1G4702-1 27°35.31" 91'21.99’ 937 378 P -
1G4702-2 27°44.21 91"18.60’ 568 870 P P
1G4702-3 2338 91°1351 * 684 1,015 -
1G47024 274456 * 91"13.32 553 1,010 P -
1G4702-5 27"44.43" 91°12,93" 567 870 p p
1G4702-6 27 %4.06 * 91°13.70 562 907 tr. -
1G4702-7 27"44.02 91"12.27 554 906 P =)
1G4702-8 27°44.27" 91°12.58' 550 405 P P
1G4702-9 21%4.21 91*13.43 567 240 P
1G4702-10 274344 " 91015.35° 642 540 P P
1G4702- 11 27°44.09 ¢ 91°18.33’ 574 435 tr.
1G4702-12 27%43.98" 91018.10 563 370 P P
1G4702-13 27"43.60° 91°21.44° 689 510 te.?
1G46-5 27"44.408 91°12.70° 558 425 p P

*FP = present, tr = trace
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bydrocarbon-related diagenesis.

Isotonically light secondary carbonate obtained CO,
from microbial degradation of the hydrocarbons. This
carbonate probably affects the type of acoustic reflec-
tions and reduces porosity. The negative correlation
between porosity and carbonate content maybe a subtle
indication that oil seepage has occurred even where no
hydrocarbons appear in the sediment.
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Thermogenic Gas Hydrates in the Gulf of Mexico

Abstract. Thermogenic gas hydrates were recovercd from the upper few meters of
bortom sediments in the northwesrern Gulf of Mexico. The hivdeates were ussociated
with oil-stained cores at a water depth of 530 meters. The hydrates upparently occur
sporadically in seismic “‘wipeowt’” zones of sediments in a region of the Gulf
continenial slope at least several hundred square kilomewers in arca.

We report here the occurrence of ther-
mogenic gas hydrates in ocean sedi-
ments. The hydrates were discovered
fortuitously during geochemical surveys
involving piston coring operations at
27 °47" N and 91°30'W in 530 to 560 m of
water in the northwestern Gulf of Mexi-
co. Hydrates were observed dispersed in
carbonate rubble in three cores and
ranged in size from minute crystals to
objects several centimeters in diameter.
Although the cores were severely dis
rupted by gas expansion during the 10- to
15-minute interval between coring and
retrieval on deck, the gas hydrates ap-
peared to be distributed from the top of
the core [0 a sediment depth of at least
severa meters. Samples of the hydrates
were preserved in liquid nitrogen for
laboratory analysis.

Gas hydrates arc solid icelike clathrate
structures in which gases are occluded in
a crystalline water lattice under appro-
priate conditions of high pressure and
low temperature. Hydrates can exist in
two forms. Structure I gas hydrates have
a symmetrical shape and exclude mole-
cules larger than ethane. Structure 11
hvdrates are dightly larger and can ac-
commodate not only methane and eth-
ane but also propane and isobutane.
Molecules as large or larger than a-bu-
tane cannot be accommodated in either
lattice structure (/). The stability zone of
gas hydrates in marine sediments is gen-
erally found in continental slope areas
where water depths are greater than 500
m and water temperatures at the bottom
are near O“C. Although a wide range of
molecules (methane, ethane. propane,
isobutane, CO,. Ni, Oa, and H.S) can
form hydrates. methane and possibly
CO. arethe only gases found in sufficient

quantities in deep-sea sediments to form
gas hydrates. Under conditions of tem-
perature and pressure appropriate for
hydrate stability, gas concentrations
must exceed solubility levels before hy-
drates can form. Therefore, methane hy -
drates can be found only in regions
where there ‘is significant biogenic meth-
ane production or where there is migra-
tion of thermogenic gases from deeper
horizons. Thermogenic gases do not

form hvdrates at their site of production .

because the ambient temperatures are
outside the stability zone of hydrates.
The presence of gas hydrates in ma-
rine sediments has long been suspected
on the basis of laboratory stability stud-
ies and the existence, in some sediments,
of aboutom-simulating reflector (BSR)—
an anomalous acoustic reflector that ap-
proximately parallels the bottom topog-
raphy. cutting across bedding planes and
deepening with increasing water depth
(2). The BSR is thought to represent the
lower boundary of gas hydrate- stability,
below which gas hydrates decompose
because of increased temperatures. The
existence of hydrates has been inferred
in many ocean areas on the basis of
seismic records (3). Gas hydrates appear
to be common in the continental margins
of all the oceans. However. to our
knowledge the oniy direct observations
of gas hydrates in marine sediments have
been in shallow cores from the Black Sea
(4); at a subbottom depth of 238 m on ieg
76 of the Deep Sea Drilling ProjectInter-
national Phase of Ocean Drilling (DSDP/
IPOD) in the Blake Outer Ridge of the
Atlantic Ocean (5): and on DSDP/IPOD
iegs 66.67, arid 84 in the Middie America
Trench off Mexico and Guatemala (6).
Because hydrates are not stable at atmo-
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Table 1. Data on the molecular and isotopic composition ol hvdrute gas and water obtained after
decomposition 1na pressure device consisting of 2 23-cm* sampie holder. gauge block, and gas
sampling port with septum (Parr Instrument). Two experiments were performed with separate
hydrate samples taken from adepthin the core of 1.0101.5 m N D notdetermined.

Purameter Expeniment 1 Expeniment 2
Gas (uall compostons in percenty

Methane 55.1 (-44.6) 67.5 (-44. 9)
Ethane 2.6(-29.3) 4.5
Propane 14.4(-18.6) 14.9
{sobutane 4.4 4.2
n- Butane 0.2 (-28.6) 0.2
Carbon dioxide 3.4(18.5) 3.9(13.3)
Nitrogen N.D. LN
O: + argon N.D. <0.1
Methane/ethane + propane 3.2 33

Total components 83.3 9.2
30D, methane (per roil) -1%9

Warer (ionic compositions in parts per thousand)+

Salinity (refractive index) 9 9
Chlorinity 59 4.8
Na 3. 3.0
Mgi* 0.21 0.16
K" 0.14 011
Ca'’ 0.20 0.16
S 0.0054 N.D.

*Numbers tn parentheses are carbon isotopic (§**C) values in per roil.
Mohr titration and the cauons by inductive coupled plasma.

spheric pressure (even at —20°C). only
the sample from DSDP/IPOD leg 84 was
successfully collected for laboratory
study prior to the discovery reported
here. The four previous samplings of gas
hydrates yielded predominantly biogenic
hydrocarbon gases (mainly methane) on
decomposition.

The thermogenic nature of the hy-
drates collected in this study is indicated
by (i) molecular compositions containing
large amounts of ethane, propane, and
isobutane, (ii) carbon isotopic composi-
tions, and (iii) the presence of oil in the
cores. Results of the molecular and iso-
topic analyses of gas and water obtained

+Chlorinity was determined by

from the decomposing hydrate samples
are summarized in Table | (7). The hy-
drates had a gas. fluid ratio of 70: | on
decomposition. The large amounts of
propane and isobutane indicate that a
structure 11 hydrate was present. Hydro-
carbons larger than isobutane were de-
tected at very low concentrations. The
large amounts of ethane, propane. and
isobutane and the heavy carbon isotopic
ratio (-45 per mil relative to Pee Dee
belemnite) of the hydrate gases are char-
acteristic of thermogenic gases produced
deep in the sedimentary column (8). The
large amounts of nonmethane gases in
the hydrate must stabilize the hydrate

lattice. since the 67 1o 8°C temperuture of
water a1 530 m in this part of the Gult of
Mexico is outside [he temperuture limat
of methane hydrate stabiity. Since the
presence of theérmogenichydratesin
shallow sediments implies that the hy-
drate gas has migrated upward from deep
in the sedimentary column. thermogenic
hydrates could exist as deep in the sedi-
ment column as their stability would
allow.

The three cores that contained gas
hydrates were also oil-stained. Results of
chemical analysis of two of the hydrate
cores are presented in Table 2. The cores
contained as much as 12.1percent hex-
ane-extractable material. Column chro-
matography was used to separate the
extractable organic matter into saturate,
aromatic, and polar compound types (9).
The oil was extensively biodegraded,
with both the saturate and aromatic gas
chroinatograms being dominated by the
unresolved complex mixture. Column
chromatography of the extractable mate-
rial indicated thatmost of the degraded
oil was aromatic in nature (23,1 percent
saturate. 44.6 percent aromatic. and 7.6
percent polar compounds for oil in the 0-
to 5-cm section of core 165). The large
amounts of calcium carbonate in the core
may be theresult of microbial oxidation
of petroleum. Chlorinities in the intersti-
tial. waters in excess of seawater levels
may be due to the presence of a salt
diapir underlying the site. The erratic
distribution of chiorinities may reflect
the fact that hydrates exclude salis from
the clathrate structure because of the
size of their ionic radii.

Although the area where the three
hydrate cores were collected is restricted

Table 2. Data on Sediment and interstitial water in (wo hydrate-containing cores. N. D., not determined (some sections contained large amounts of

oil. making certain analyses impossible).

. Refrac- SCO,
Sta- Depth E:érl.:?' Sarrgbaonr:? CaCoO, Sulfur live Chlorinity (milligrams
uon (cm) ) () (%) (%) index (per roil) of carbon

(per mill per fiter)

166 0[05 1.2 3.2 16.8 {0 37 19.1 14.2
166 20t025 3.1 24 18.8 1.2 38 193 31
166 40 (0 45 1.3 28 19.2 1.2 31 19.2 216
166 60to 65 3.2 143 N.D. 0.6 N.D. N.D. N.D.
166 80to 85 12.1 11.9 N.D. 0.8 N.D. N.D. N.D.
165 0 [05 2.7 38 449 0.76 38 18.4 542
165 20028 35 4.5 3.8 0.84 N.D. N.D. N.D.
165 40[045 2.1 3.0 37,7 0.88 N.D. N.D. N.D.
165 801085 0.8 30 65.0 051 N.D. N.D. X.D.
165 140 to 145 1.8 2.8 30.8 1.2} 55 309 259
165 [60 [0165 0.4 11 169 1.20 n 41.2 29.2
165 180 1o 185 2 1.1 19.3 1.37 73 41.8 19.7
165 200 10 205 0.6 16 8.2 137 63 356 47.0
165 220 [0 225 0.3 1.4 15./ 1.55 n 41s 36.1
165 240 to 245 05 |7 7.2 1.68 60 35.2 s
165 260 10 265 0.4 1.4 14.2 I.66 61 34.6 304
165 280 10 285 0.3 13 10.0° 1.87 7 39.3 318

*Organic carbon content Was aghivviriable M ManNy sections because of a separute ol phase.
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in size (afew square kilometers). there is
evidence thatthermogenic gas hydrates
may be widespread on the Gulf continen -
[a slope. Anderson er al. (0) recently
reported oil-stained Sediments contain-
ing targe amounts of gas over a 20-km*
area of the upper slope. Some of the
sediment gases [hey collected contained
large amounts of isobutane but little »-
butane, suggesting that hydrates were
originaly present in these cores. Our
report expands the area where oil, and
probably hydrates, occur intermittently
in surface sediments to -250 km®. The
migration of thermogenic gas and oilto
the surface in this area occurs along
faults and fractures created by sat tec-
tonics in the area. Since these processes
are pervasive over large aress of the Gulf
Coast, hydrates associated with therme-
genie hydrocarbon seepage may be com-
mon along the continental slope.

Little seismic evidence for gas hy-
drates in the Gulf of Mexico has been
reported. BSR's have not been reported
for the northern Gulf of Mexico, al-
though they have beers reported along
the MexicanRidge systems (2). Sidner et
al. (I1') observed anomalous seismic fea-
tures described as chaotic facies (gas-
charged sediments). The gas hydrates
sampled in this study were associated
with chaotic facies or gas * wipeout™
zones. Sections reported as chaotic fa-
ciesmay in reality be the top of a sedi-
ment section containing disseminated
gashydrates (12).

The discovery of thermogenic hy-
drates associated with oil-stained cores
in the Green Canyon area of the Gulf of
Mexico will necessitate more detailed
chemical, geological, and biological
studies of the area. The extent and distri-
bution of hydrates, their seismic signa-
ture. and their possible association with
active oil and gas seepage are only afew
of the areas of interest suggested by this
discovery. Many complicating processes
in these cores need fur-titer study, such
as (i) the response of the microbia eco-
system to seeping oil and gas and dis-
solving sdlt: (ii) the effect of the microbi-
al processes on isotopic fractionation in
the oil, methane, and carbon dioxide,
and (iii) geochemistry associated with
carbonate formation from degradation of
the seeping oil. Because of the apparent
widespread occurrence of oil in slope
sediments from natural seepage, ques-
tions are also raised as to our ahility to
differentiate between natural seepage
and petroleum pollution in the Gulf of
Mexico and to determine baseline levels.
The effect of solid hydrates and oil-
stained sediments on the benthic ecology
of an areais unknown. Gas hydrates may
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also represent a recoverable resource if
they exist in significant quantifies in the
subsurface.
3. M. BROOKS
M. C. Kennicutr {I
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T. J. McDonaLD
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Deep-Sea Hydrocarbon Seep Communities: Evidence
for Energy and Nutritional Carbon Sources

James M. Brooks, M. C. KENNiIcuUTT Il, C. R. FISHER, S. A MACKO,
K. CoLE, J. J. CHILDRESS, R. R. BIDIGARE, R. D. VETTER

Mussels, clams, and tube worms collected in the vicinity of hydrocarbon seeps on the
Louisiana slope contain mostly “dead”™ carbon, indicadng that dietary carbon is largely
derived from seeping oil and gas. Enzyme assays, elemental sulfur analysis, and carbon
dioxide fixation studies demon.mate that vestimentiferan tube worms and three clam
species contain intracellular, autotrophic sulfur bacterial symbioats. Carbon isotopic
ratios of 246 individual animat dssues were us-cd to differentiate heterotrophic
(8C = -14 to -20 per mil), sulfur-based (3*°C = -30 to -42 pcr mil), and
methane-based (8'*C = <-40 per mil) energy sources. Mussels with symbiotic
methanotrophic bacteria reflect the carbon isotopic composition of the methane
source. Isotopically light nitrogen and sulfur confirm the chemoautotrophic nature of
the seep animals. Su&r-based chemosynthetic animals contain isotonically light
sulfur, whereas methane-based symbiotic mussels more closely reflect the heavier
oceanic sulfate pool. The nitrogen requirement of some SCCp animals may be supported
by nitrogen-fixing bacteria. Some grazing neogastropods have isotopic values charac-
teristic Of chemosynthetic animals, suggesting the tier of carbon into the back-

ground deep-sea fauna

E REPORT HERE A STUDY OF THE
energy and numritional carbon
sources of mussels, clams, and
rube worms from hydrocarbon step com-
munides on the Louisiana continental slope
(1). The organisms were collected in trawls
near hydrocarbon Seep sites in water depths
bcrween 400 and. 920 m on R.V. Gyre
cruises 864-1/2. The northern Gulf of
Mexico slope iS extensively faulted and frac-
tured by saje tecronics, thus providing con-
duits for the upward migration of oil and
gas (2). The taxa ac these sites arc Similar o
those Of the hydrothermal vent sires of the
Pacific (3), the cold seep sites of the Florida
Escarpment (4), and the Oregon Subduc-
tion Zone (5). The Louisiana sites arc dis-
tnet in chat the vent waxa arc living in ahigh
hydrocarbon environment derived from
deeper reservoired petroleurn. These vent-
TVP€ taxa USC OrganiC marter produced in
Situ by chemoautowrophic, sulfide-oxidizing
bacteria and endosymbietic chemoauto-
ophs (6, 7). Methane usc has been demon-
strared for the mussels from the Louisiana
sre (8) and from the Florida Escarpment (4,
9) and has&m suggested for the anisnals at
the Oregon Subduction Zone (5). .
A variety of tests were used to determine
the nature (and presence) of endosymbionts

in these seep fauna. The mussel is the only
animal with confirmed methanotrophic
symbionts (8) and is the only onc of these
seep species that possesses methanol dehy-
drogenase, an enzyme characteristic o f
methylotrophy (Table 1), The mussel isalso
the only animal rested whose bacterial sym-
bionts contain stacked internal membranes
(typical of rypc | methanomophs). Mussel
gills |ack the enzymes characteristic of suifur
oxidation [adenosinc triphosphate (ATP)
sulfurylase and adenosine-5 '-phosphosulfate
reductase], lack elemental sulfur, and have
only trace actvities of ribulose-bisphosphate
carboxylase (an enzyme characrerisuc of
autotrophic carbon fixation); these factors
indicate that svmbionts of mussel gills arc
not sulfur-oxidizing chemoautorrophs.
The other three bivalves and the wo
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vestumentiterans appear 1o harbor sulfur-
axidhiang chemoautolichot rophic symbionts
{Table 1). The enzvme acovinies, the pres-
ence of clemental sulfur in the symilwont-
contuning ussue, and electron microscopy
providge evidence that both vestimenuterans
and the luanid ¢lam, Psewdorslcha ., con-

tan chemaautatrophic, sul fur bacrerial sem -
s, The evidenee for the vesicomyid
clams s not .2s conclusive since no  tissue
tfrom Cabypragena ponderssa w s trozen in
hquad nitrogen tor enzvmane analysis and
the one Veswomva cordata <ol lected died

before dissection. The absence of  specific

enzvme A cavinies 1S thus of Quie stron i
signaticanee . None theless, the ligh lever, ot
clemental sultur in the gulls ot C ponacn na
and the hagh levels ot AT sultun lase

cordata gils suggest thar sulfur-oxidizing
svmbionts were present. The sulnde oxida se
acuvines M all amimals assaved are ar tie

level expecred tor inverzebrates exposed to a
18 icse wormstn 10y Sulfide environment (/0).
\ T tweinesn The seep f:mn:f at the Louisiana sire con-
ram mosdy “dead” carbon ( Table 2). Several

190 g
_— 4 b ( sources of dictarv Carbon arc possible for the
. - s N Tasue
L :A ., ,E. ‘ " ; ;(n EL
s

sccp animals. First, carbon can be dernved
Vestmnemiderans {7 c ‘1;

Fig. 1. Carbon wsotopic values (per

-~ ’ .A.;smns {n
mul relauve 1o Pee Dee belemaite «-
20

2386)

standard) Of 24.5 anumals colleeted
at seep sites on the Loutsiana conu-
nental dope.

from particulate detrirus fixed photosvn-
thedcallv in rhc Upper warter column
{A"C = 100 = 20 per mit; 3'*C = -1810
-20 pcr roil; background fauna arc in Table
3). Second, carbon can be derived from
bacterial organic carbon synthesized chemo-
autorrophically from dissolved inorganic
carbon (DIOC). The D1OC can be derived
cither from ambient bomom  water
(AMC = -100 per mil; $°C = -O per mil)
(11) or from dead CO, (A™C = -1000 pcr
roil). Dead DIOC can be derived from (i)
seeping oil and gas, (ii) bacterial degrada-
don Of the secping oil and gas, (iii) dissolu-

w
l--—m:e(n-ts)j

Numper of cbserverony

Posonophorans (4 « 22)
'! “_——Tm(n -1

12’

8 ‘W
A mere \

o
20 -2
Cardon sotope vahue

|

50 -0 =X

Table 1. Enzyme activities, clemental sulfur {§%) content, stable carbon isotope r-ado (5'*C), presence of symbiotic bacteria (S.B.), and methane consumpuon
(CH.) in individual Louisiana slope scep organisms. Assays were conducted 0N symbiont-containing - (bivahve gills and vestimentiferan wophasome).
OrK unit of enzyme activicy will convert 1 umol Of substrate CO product. RuBP, ribulose-bisphosphare carboxylase; ATP, ATP sulfurylase; APS, adenosine:
5' -phosphosulfate reductase; methanol, methanol dehydrogenase; sulfide, sulfide oxidase; ND, noc detected; N, no; Y yes; NT, nOt teseed; WW, wer
weight; ' and EM, electron microscopy.

Idend- Enzyme acuviry (univg WW/min) s* S.B
' cation sc iy CH.*
Animal o RuBP ATP APS Methanol Sulfide (% wWwW) (EM)
Mollsesca
Lucinidac
Pscudormiltha sp. Y X
T 043 2% 083 ND 21 002 335
14-2 0.41 247 0.66 ND 194 0.06 -33.6
14-3 0.44 15.43 1.36 ND 2.04 ND -32.5
1414 NT NT NT NT 0.5 -37.7
Myulidae
Undescribed Y Y
24-1 0.011 ND ND 0.66 0.7 ND ~51.8
24-2 0.017 ND ND 0.53 0.75 ND -52.0
25-1 0.027 ND ND 0.4 1.09 ND -52.6
Vesicomyidae
V. cordazat Y NT
18-1 0.003 29.58 ND ND NT ND -39.8
C. ponderosa Y NT
CAT-1 NT NT NT NT NT 04 -37.9
CAT-2 NT NT NT NT NT 8.3 -36.9
CAT-3 NT NT NT NT NT ND -39.1
Vestimentifera
Lameliibrachiidae .
Lamellibrachia 3p. Y N
25-3 0.24 4.24 0.70 ND 1.77 45 -36.6
254 4.03 1.03 NT ND 3.15 6.1 -36.8
25-5 4,97 0.51 0.78 ND 547 2.6 -37.4
Undescribed family . ,
Undescribed Y N
24-1 357 0.32 ND ND NT 0.1 -36.4
251 3.73 1.03 1.54 ND 5.32 NT -39.9
25-2 543 1.90 ND- ND 2.98 19 -41.0
25-3 NT N-r ND NT 2.37 04 -37.0
*Methane consumpoon from incubaton of gill or toph assuc d gas ch graphucally (81.  1The V. comiera (li €0 before dissertion.
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non of ancicnt carbonare, or (iv) degrada-
tion of sedimentary organic manter. Dead
carbon canalsobe derived from the direct
usc of methane by symbiotic bacteria and
most likely results from direct usc of meth-
ane by the mussels (8) and extensive biodeg:
radation Of the o1f and gas by bactenia. Large
amounts Of isotopically light, authigenic car-
bonate and extensively biodegraded oil in
sediments from the seep sites (/2) indicate
acuve CO,production. Although most re-
servoired gases in the Gulf of Mexico con-
tain Small amounts of CO4 (13), this source
of dead carbon ii hypothesized co be minor
relativero ocher CO: sources.

At the hvdrothermal vent Sites (Table 2),
chc principa source of dierary arbors for
mussels and rubc worms isD10C (6). At
chc Florida Escarpment, where methane is
apparently the major energy source for the
mMussels,” the radiccarbon content Of three
nsbc worms and the mussels was older,
although not predominandy dead (Table 2).
In contrast to the hydrothermal vemt and

Florida Escarpmient sites, manv of the mus-
sels, tube worms, and clams ar the Loussiana
site contain ncarly dead carbon The dead
carbon n the musscls supports the mctabol-
ic and physiological studies that indicare
there iS @ bacterial svmbiosis between the
musse! and methanotrophic bacternia In
contrast, the sulfur-based tube worms and
clams must USC dead D [OC derived from
bactenial degradadon of hydrocarbons. Thus
much of their diectary carbon is derived
uldmately from the sedimens and not from
the more recent DIOC of seawater. These

obse ypoth
esis char 0il and gas are chc energy sources
for these seep taxa.

The carbon isotopic content Of these seep
organisms reflects the isotopic fractionadion
char occurs during drc synthesis of organic
dssues (6) and the food source of the ani-
mals (I4). Fii 1 presenss the *
isotopic compositions of 246 organisms
from trawl samples collected on the Louisi-
ana-Upper Texas slope (34 sites). The moss

Table 2. Scabk crbon anradiocarbon measurements of scep and vent mxa from the deep sea

Numbers of individuals, without

g refer to carbon isotopic measurements; NUMbers in

parentheses refer to radiocarboa analyses. TR, values in this report

Number , o
. of ARC 3C Ref-
Sampic description mdl- (per mil) (per mil)

Clam dssuc (C. ponderusa) 4 “@ -31.2m-35.3 1)
aarn dssue (C. ponderosa) 3 -36.9 m-39.1 TR
Clam tissue (Prendomilzha sp.) 17(1) -7s3 - -309tw-37.7 TR
Mussel 38(2) -829, -840  -40.lm -57.6 TR
Snma“ (mneogmopodm) 10 @ -210, -544 RV q
N 2 - , - -14.6 m -32.8
Tube worm (Lamelliachia)

Tissue 1 -27.0 1)

Tube 1 2811 1)
Tube worm (Lameilibrackis )* 37(1) -586 -29.8 m -57.2 TR
Tube worm (pogonophorans)® 22(2) -205, -749 -30.5c0~59.3 TR
Tube worm (Escarpia-like)* 24 ~214m-48.6 TR

Hydrothermal vext sizes (Galipages and 21°N)

aam ussue (C. magnifica) - 2 -32.1,-32.7 (15)
Clam dssue (C. magnifica)t 4 -32.1w -39.9 TR
Mussel - 3(3) -270s0-22S -328m-33.9 (6)

(Batiwmodisd  thermophilis)
Musscl dissue (B. ehermaphilus) 1 -32.7 m -33.6 (16}
Mussel tissue (B, thermophilis) % 321 m -37.2 TR
Tube worm {vesdmentiferan) - 1(1) -270 -10.9 (6)
Tube worm (vestmendiferan) dssue 1 -10.8 m -11.0 (15)
Tube worm dssuef -11.9 m -13.7 TR

Floride escarpment size
Mussel tssue (myrilid) 10(3) . B67ev-247§ -74.3220.(SD 4)
Gasmopod nssue {ochid) 2 -59.9 = 0.7 (SD 4%
Tube worm (vestimentiferan) tissue 3(2) 419, ~424§ -42.7+=0.7 (SD 4
Oregon subdsction zone site

Clam dissuc (Calyprogena sp.) 1 -35.7 5
Clam gills (Calyptagena sp.) -51.6 5
Clam assuc (Solerrya sp.) “1 -31.0 5
Tube worm (Lamelisbrachia)

Tissue 1 -31.9 25;
Segmment -26.7 5
*Indudas boch rubss and - of different individuals.  tValues inciude Bolated gills and $Vahues
Include isolsted aoph : §Valuci reporeed originally as p ge of modern. The

conversion o 4'C assumed modern as O per mil.

(140

striking feature Of Fig 115 the threesotopr-
cally distiner groups of bivalves. The mussel
tissues all have §'>C values less than —40 per
roil. The 8"°C valuesberween -30 and ~42
per mil represent clams with sulfur bacterial
svmbionts. These values arc similar to those
of the hvdrothermal vast clams (6, 15, 16),
which appear to derive their encrgy from
hvdrogen sulfide. We assume thar elm-n 3'‘C
values typical Of deep-sca fauna ( -14 to
-20 per roil) arc heterotrophic.

The light carbon isotopic values Of the
mussels arc characterisuc Of the methane
symbiosisbetween chc bacteria and the mus-
ad (8). On Johnson Sea-Link-I dives 1877
and 1878, wc collected musselsliving in a
bubbling gas stream at 630 m in Green
Canyon (GC) Block 185. The mussels 3'>C
(-40.6 per mil) closely reflected the compo-
sition of the methane (-41.2 per mil) used
by the bacterial symbiones. Biogenic meth-
ane iS characrerized by 3C Values less than
-60 per mil with few, if any, longer chain
hydrocarbons, whercas themmogenic gas
contains higher hydrocarbon gases and 8'°C
values heavier than -45 per mil (17). The
mussels from GC- 18S have thermogenic
isotopic values. Mosr of the musseis collect-
ed from the mawis suggest an admixrure of
biogenic and thermogenic methanc. The gill
and mantle gssue from three mussels in our
study have similar isotopic composigons,
indicating atransfer Of bacrerial carbon from
the symbionts in the gill t0 the mussels
other tissues.

Tube worm issues and tubes from these
sires show arange of $'*C val uesfrom — 20
[0 -58 permil (Fig. 1). These valuesarc
arypical Of she few previous reports from the
hydrothermal vent (6, 15, 16) and other cold
seep sires (4, 5). The vestimendferans (Riftia
pacipyptila) from the hydrothermal vents all
have 8'3C values near -10 per mil (6, I5;
Table 2). One suggested explanartion of the
heavy values i that CO, limitaton during
growth precludes discrimination at the site
of carbon fixation (6, I15). The other 81*C
values for be worms from the Florida
Escarpment assd the Qregoa  Subduction
Zone show lighter 8'*C vajues. Thus tube
worm values heavier dun -42 per mil are
characterisdc of srdfur-based endosym-
bionts. Values lighter than -42 per mil in
the pogonophorans May indicate a conaribu-
tion from methane bionws. The
three heavy values (-20 to -22 per roil) in
the vestimentiferans from dSC Louisiana sires
Mmay reflect processes Similar to chose occur-
rng ac the hydrothermal vent sites. The
widerange Olyvalucs also refl ectthe muldple
sampling sites, the patchiness of thermo-
genic hydrocarbon seepage, and perhaps a
difference in the §™C of the DICK utilized
by the animals. Al of the dssue and tube
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Table 3. Stable carbon, nirogen, and sulfur isotopic ratos and radiocarbon measurements of Lowsiana siope se€p orgamisms. Numbers in parentheses
indicare the number of anumals represented by the range. Locations are 9-square-nautical-mile Mincral Managemene Service lease areas and blocks (GC.
Green Canyon; GB. GardenBanks: EB, Ewing Bank; and MC, Mississippi Canyon) All measurements are ON animal soft nissue.

5”C 5L$N 6545 AC
Anumal Locanion (per mil) (per mul) (per mul) cper mul)
Syminont<ontaining animals (chemosynihetic)
Bivalves
Mussel GC-272 -50.1 to -45.5 (9) -129w +3.0 (lo) +134,+75 (2 -S29 (1)
(Mvulidae undescribed) GC-272 GC-234
Clam (C. pondzrosa) —— -34.8, -35.0 (2) +1.1 10+7.1(3) -0.1 w+2.1 3)
clam (V. cordasa) GC-116 -36.3 (1) -09 (1) +254(1)
clam (Pscudomirha Sp.) K-79 -36.0 o -31.8 (3) -35 o +6.1 (3) ~11.5tw +1.3 (4) -753(1)
Vesumennferans
Tube worm (Escarpia-like) GC-272, GB-458 -4s).9 to -30.4 (3) +2.9, +5.4 (2) -35 (I) -205,
-949(2)
Tube worm (Lamelli- GC-33 -43.2 (1) +2.7(2) -27 (1) -586 (1)
brackia Sp.)
Heterotrophic degp-sea animals
Neogasopods MC-839, EB-1010, -328 m -14.8 (5) +28co +13.0(4) 0.0t +18.7 (4) -210,
GC-33 -544(2)
Shrimp GB-300 -19.5 1o -18.6 (2) +13.3 (1) +13.3 Elg +123(1)
Clam (Acsza) GC272 -18.7 (1) +8.9 (1) +16.1 (1 +96 (1)

pairs (more than 12 pairs) analyzed show
similar carbon isotopic compositions (Fig.
1).

The sulfur isotopic content (Table 3) of
the seep firma al so differentiates sulfur and
methane energy sources. Most animals from
food webs based on phytoplankton have
sulfur isotopic composidons between 13 to
20 per mil, Similar to the seawater sulfate
pool (+20 per mil) (18, 19). Fry e al. (20)
found thart the fauna at hydrothermal vent
sites had values berween -5 to +5 per mil,
similar tohe Sulfi.Ir-bearingminerals of the
vents. Although the H»S isotopic content of
the Louisiana sires is unknown, the sulfide-
based tube worms and clams have values
berween —12 to +2 per mil. Some neogas-
gopods have values in this range, reflecting
chemosynthetic dietary carbon and sulfur,
whereas ochers have values characterisdc Of
deep-sea hereromophs. These values arc con-
sistent widh Fig. 1, which shows that most
of the gaswopods conmin heteromophic car-
bon. However, some of the ncogaswopods
show transfer of chemosynthetic carbon into
chc background r.lope fauna, which most
likely resuls from the food source of these
snails that often prey on bivalves. The meth-
anc-based mussels have sutfur values more
characterisic Of the heavier seawater sul-
fare.

In amanner similar co carbon and sulfur
isotopes. nitrogen isotopes may indicate
sources of nitrogen and food web relatons.
Hydrothermal vent communides (21} and
seep communitigs of the Florida Escarpment
(4) have unusually depleted nitrogen isoto-
pic competitions compared o typical ma-
rine values (5 to 15 per mil) (22). Such *N-
depleted values have been arributed to frac-
tionanons of source Nitrogen either through
assimilavon Of deplered nitrate (27) Or am-
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monium (4). At the Louisiana sites, "N
values range from similar to those previous
studies (4, 21) to even more depleted values
( -12 per mil). Such depleted **N values
have been reported for laboratory algal cul-
tures Widl high (millimolar) concentradons
of ammonium or nitrate (23), anmonium
rich hot springs (24), and nitrate-rich lakes
in Antarctica (25). In all of these cases,
clevated inorganic nitrogen concentradons
alow for marked discritnination in the up-
take of “N rather than "N, wirh resulting
cellsbeing much depkred in *N. However,
such unusual enviroaments arc not expecred
at the seep sites. Normal (micromolar) levels
of nitrate have not bcm associated with
large **N depledons or anomalous values
(22, 26,23.

An alternadve source of nitrogen is fixa-
rion of nitrogen gas (N,) assodated with
methane from the seeps. The N, of rhc vent
gas, once fixed, may be che sok source of
nicrogen for some of
cared by their N depitaon e )"
isolated from a nearby oil well has a *N
value of —2.9 per mil. Microorganisms fix-
ing this gas would hen have isoropic values
near -6 per roil. Natural gases from ocher
0il reservoirs have bcm reported to be as
depleted as -14.6 per mil (28), so the N,
gas associated With rhc seep area could be
even More depleted.

The dietary carbon, nitrogen, and sulfur;
energy sources, and trophic relagons in the
Louisiana seep ecosystems arccomplex. The
wide isotopic ranges of organisms from
these sires as opposed to other vene and cold
Seep sites suggest that cither (i) the Louisi-
anaseep communities arcmore complex and
diverse or (ii) the fewer isotopic measure-
ments ar the other sites do nor adequarely
reflect their diversity and complexicy.
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| ABSTRACT

The Geocheaical and Environmental Research
Croup (GERG) at Texas A& University has dls.severed
vent-type. chemesynthetic communities associated
vith our recent findings of widespread hydrocarbon
seepage, gas hydrates, snd authigenic carbonate on
the Texas/Louisi{anacontinental slope. These vent-
type taxa (clam nussels snd tubsvorms) are unique
in that they are associated with active gas and oil
seepage and harbor endosymb lotic, chemocautotrophic
bacteria. including a proven methanotroph.

UCTION

Deep water chemosynthe tiC organisas were
discovered by Geochemical and Environmental Research
G roup (GERG ) scientists in 1984 while travling at
previously discovered sites of ol seepage snd gss
hydrates (1, 2) on the Louisiana continental sl ope.
The chemosynthetic communicies consist o f
assenbl ages of tubeworms, cl ans, mwuassels, bacterial
mats and other associated organisms. The
chemosynthetic communities assoclated wi th
hydrocarbon seepson the Louisiana/Texas continental
s lope are oneofa series of functionally and
taxonomically related assenblages . ia tbe deep-sea.
These communities sre characteristically associated
with sources of hydrogen sulfide or methane in an
oxygenated €Nvironnent. The underlying geol ogi cal
processes supplying these reduced compounds vary
fromsite co ste

In the Gul f of Hexico chemosynchetic Or gani sms
assune an applied importance because we are faced
v th the potential impact upon . fauna that i s
uni quel y associ ated with exploitable hydrocarbon
reserves. The U S Dept. of Interior's Minerals
Management Service Notice tO Lessees (NTL-88-11)

References and illustrations ac end of paper.

requires “all operators of | enses in water depths
greater than 400 a . to provide s consis tent and
comprehend ive approach which will avoid damage to
high densicy chemosynthetic communities®. Thus, MMS
tsrequiring prior te approvals of Applications Of
Permit te Drill (aPps) snd Pipeline Applications,
theoperators shall delineate all seafloor areas
which would be disturbed by the proposed operations.

Additionally,ananalysis of geophysical informarion
for these areas, as Well as amy other pertinent
informati on available. shall be furnished which
di scuses the possibility ofdisturbing geol ogical
phenomena (such as hydrocarbon charged sediments,
sei smic Wi pe-out zones, anomalous moundsortills,

gas vents, or il seeps) thet could support
chemosynthetic organi sm. Thus, the existence of
chezosynthetic organi sns on the continental slope is
of practi cal importance tothe0oil industry.

Thi s paper summarizes the visual observations
of chemosynthetic communi ties from submersible dives
on the Johnson ®Sea-Link* and U.S. Havy RFR-1 in
1986- 1988. Chemosynthetic communities have been
confirmed at sites (3) other than the ones
summarized here based on the recovery of organisas
from traw s.

| _BACKGROUND

Recent di scoveries in the northern Gul f of
Mexico are drammtically altering our understanding
of che geological, chemcal snd b ioclogical processes
which <entre 1 the overall ecology of the continental
sl ope. In chegeol ogical area. high resolution
profiling has increasingly shown that salt tectonics
and rel ated processes dominate mesoscale topography

and produce islands of hard substrate in a
predominantlymud environment (&}. Active and
wi despr ead geochemical s ys terns i nvol vi ng

hydrocarbons at or near the d4eeP - sea sediment-water
interface were first confirned by the discovery of
0i | -s tained cores and thermogenic hydrates by GERG
(I).  Trawing in these areas lacer discovered that
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a fauna wutilizing chemosynthetic symbionts vere
associated with these systems (5,6) During our
ongoing research on seep geology -geochemistry -
biolegy, W8 have Bade anumber of advances which are
especially relevant as follows:

(1) ldentified

chemosynchet fc  Organi sns (e fther

tubevorms . nussel's  and/or clams) at 17
norchwestern Gulf Of Mexico continental sl ope
sites;

(2) Confirmed, based on enzyme activities.
elemental sulfur concent and electron
m croscopy: that tubevorms and clams from these
sites = contain  chemoautotrephic, bacterial
endosymbioncs:

(3) Found a nussel chat is capable of wutilizing

net hane as its sol e carbon and energy source
[che firs c demons trated sSynbiosis between .
wethanotrophic bacteria and an animal (6,7) ]

(4) Idencified shallow seismic “W pe-out zones «s
high probability sites for chemosyntheric
ecosyst ens;

(5) Shown that oil seepage is associated wich all
CQul f of Hexico slope chemosyntheticecosystenms
| ocated to date:

(6) Denonstrated zhat carbon,
i sot opes are  useful in

ni trogen and sul fur
differentiating

heterotrophic, sul f ur -baaed and methane -based
ecosystem

(7) 1Identifiedche transfer Of carbon from the
chemosynthetic ecosystem to backgr ound
heterotrophic organisms;

(8) Docurmented twe sites of act ive 1liquid

hydr ocar bon seepage te the sea surface

(9) Discovered «t Least 12 gas hydrate locationsin
the Gulf of Mexico;and

(10) Determined that shell beds are being produced
in and around . ressof petroleum seepage.

| DESCRIPTION OF U F OF MEXICO SITES

The following.re visual descriptions of kmowm
chemosynthetic communities ON the Gulf of Mexico
continental slope.

Bush H{l] - GC-184/185

Bush Kill occurs over .salt diapir that rises
about 40 m above the surrounding sea fleer toa
mintmuz water depth ef 540 m. The feature ts
located 210 km south-southwest Of Crand Isle, LA.cC
27 %47'N, 91 °30. avw, It lies imn the Green Canyoen
of fshore leasing .rea between -blocks 184 and 18S,
approximately 3500 mfromthe drill tenplate of what
is currently the world‘s deepest oil-production
platform The sedinment in this area consists of
silvy-clay and is of cons iderable thickness;
however, much of the sedinmentary facies of Bush Hill
itself have been wiped eut by rising gas and |iquid
and by in sicu formation ofauthigenic carbonace and
sul fides (Figures 1 and 2; 2.8),

The sedinents of the depauperate periphery of
Bush Hill are pal e ochrein color, with am easily
discurbed flocculence Layer. Al though the bottomin
this region shows extensive ichno-traces, including
burrows, shal | ow depress fons and nounds. very few
organi sms are seen. Gemerally, as one progresses up
the siope of che carbonate ue the ¢olorof the
sediment changes co a slate-grey. and the ichno-
traces appear tO become | €ss frequent. Car bonat e
outcropping ecam be seen. ranging fromrubble te

prominent boulders. Alongthe western side of the
carbonate C3p , Che carbonate outcroppings fOrm an
escarpment. whichrises about 15 m at itssteepesc
0 argin. The larger boulders are topped by
gorganians, Which are in turn frequently encrusted
vith |arge ophiuroids. Large colonies Of che
scleractinian coral Lophelia sp. are alse seen
actached t0 the exposed portions of the boulders .
Filigreed patches of bacteria can be observed on the
sediments. Closer to regions wf greater commnity
densicy,che bacteria patches increase in area and
are interspersed with the slender (3. S um) black
tubes of & pogonophoranCalachealinum N. sp., family
Polybranchiidae (E. Sout hward, pers. coma.). The
most prom inent f eature Of the dense ares of the
communicy are tube worm bushes, which eccur both
among the carbonate outcroppings and on Ssoft
sedi ments away from surf ic ial rubble.

Two speci es of westimentiferan tube worms have
been coll ected fremBush Hill and ot her Louisiana
Slope seep communities. These have been identified
as Lamellibrachia sp. fami{ly Lanillibrachidae and
Escarpia- |ike species, f amily Escarpiidae (U L
Jones, pers. corns.). The escarpid, Wwhich can be
discinguished in the 35 mm photographs by (fts
distinctive flafring of the tube opening, is fever
in oumber and generally forns sparse clusters of
recumbent i ndividuals. The Lamellibrachie cp. forns
bush- |ike clusters in nmumbers ranging from afew
tens te many thousands of i ndi vidual s. Although
Lamellibrachia sp. is clearly dom nant, wmixed
clusters of Lamellibrachta sp. and the escarpid do
occur .|

Am undescribed mussel (Myrilidae) , which {s
s imilar to members of the genus Batchymodiolus (IL. D
Turner, pars. coma.)orms di Screte beda on both
soft sediments and anbng carbonate outcroppings.
Hussels and tube worus havebeen observed toget her;
however, the | arger wussel beds usually contain only
stunted cubeworms,if any. The beds are irregular
in shape. oftenin close proximity to eatb other,
and ramge in area from less than 1 =? to
approximately 20m?.

Streanms of bubbles, primarily aethane, can be
observed escapi ng from the substrate, bothwithin
the mussel beds and ia their i mmedi at e vieinicy.
Some of these bubble streans are intermittent
releases; others continued throughout the period of
observation. Discurbance of the bottom 4n the
vicinity of methane screams can cause the release of
large il gl obules, which float upvard. Such
releasesof 0il can also be observed {m ot her
locations, usually as . result of some disturbance
of the bottom Adense orange-col ored mat of
bacteria often covers the oily sediments.

A diverse assenbl age of cemson slope fauna has
been recorded in the still photographs and the videe
tapes take. at Bush Hill. Bathypelagic organisas
include tunicates, squid and trichiurid fishes. The
fish Hop lostechus sp. 1sfrequently seen hovering
over the tubeworn bushes.  Other fishes (including
Chaunax piers. Urophycis cirratus and Perfstenion
greyae) are frequently observed swinming near O
resting on the bottem. Crustaceans inc |ude decaped
crabs {(Geryon Sp. , Bathyplax typhla and Rechinia
crassa), shrinp and the giant isopod Bachynomous

gligas.
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Husseland Tube Worm Communities in GC-234

Lease block 6€-234 s currently known tO
contain ctwo large conmunities Of chesosynchecic
organisns  The larger, in cerms Of areal cover.is

acommunity that 1S dominated by a m xture of seep
oussel s and alucinid clam(Pseudomilthasp.). This
community is located on the western side of GC-234
and extends across an area of Level topography al ong
the 980-m isobath. A second community. smaller in
area than the bivalve community (but possibly more
substantial in terms of biomass) , comprises what {is
essentially a single, contiguous tube yorm bush
occupying an areaof approximately 1600 =°.

The mussel/1 ucinid communicy has a broad,
linear form Of about 300 by 75 @a. The sediment ON
the peri phery of the commmicy s the can and
bloturbated silty clay that is typleal of the 0 id-
slope. Proceeding into the community, the sediment
colar changes abruptly o a slate -grey tone.
Although a few | ow rocky outcroppings can be seen,
surf ictalrelief tsquite uniform throughout the
area. One soon notices a scattering of chal ky and
disarticulate 1lucinid shells. as well as aseries
of shal | ow depressions Wi thin which the sediments
appear t0 be scained dsrk grey. These depressjons
are quite variable in shspe, ranging from r oughl y
- treular areas 30 to 50 cm across to curvilinear
features several meters in length. Mose striking
are branching, linear features that give the
distinct impression Of having been formed by the

flowage Of a dense liquid across the sedimentc
surface. Yhite snd orange bacterial mats are
conmon. Seep wmussels appear first in widely

separated clusters of 15 to 20 individuals. as the
density Of the cosmunity increases, these clusters
jointo form stringers up co 3alnlength snd, im
several places, densely packed beds that are
irregular in shape and UP to 5 meCross. Areas Of
dead nussel shell sre common. Although varfable in
density, the scatter of lueinid shells dues not

appear tobe Segregated from the mussels: however,
l1ving lucinids have net yec been observed or

col | ected.

Streans  of gas bubbl es arecommenly seen
escaping from the substrate. Attempts to tske
sediment COI€S in this commmity were oOften

frustrated by a layer of inpenetrable saterial,
probably carbonates. cthat underlays che soft
surficial sedi ments at.depchofl ess than 10 cm

At the western end of the community the occurrence
of bivalves and bacterial matsceases altogether.
The bottom then becomses (uUite flat, seemingly
coarser in texture and appears wto consist ofa
visually striking mixture of bona- white gypsum
streaked with a 1lighc rust colored =acerial,
possibly e | emencsl sulfur. The streaking patterns
are large in area (20 to 30 . across) and vary from
sunburs t shapes to broad flowage patterns. A though
fish and crabs arecommonly seen among the aussels,
few ornone have been seen in this area.

The tube worm community occurs iNan app .renc
graben fault inanarea Of variable relief on the
northeastern side .of the | ease block. Roc!
cutcroppings are proainent SNd f requenc, ranging to
house-sized blocks. On the western end of the tube
vorm area, there 1s an .xtensive field of large (up
to 2 mhigh) gorgonianse rrayed in perfectly 1 Lnear
rows wWith 2 to 3 sseparati on between rows. There

isabriefextenc Of
edges of

sparse tube worm COVeEr atche
the comaunity, buc once over thebush
proper, the coverage is so dense that the bottomis
rarely visible The tube worms are wuniformly
straight. upright and ac least 2 ¢ in length.
Al though che individuals on the edges of the
community were encrusted with aydroids, sponges ,
Acesta bullisi and even Q gorgonianon one occasion,
the tubes of individuals in, che centerof che

comaunity appeared quite clean and free from
encrustation.

Gas venting can be observed at several points
among che tube worms; however, only one small

cluster of mussels was observed with certainty.
Experience with the Johnson See- Link showed ‘the
sedimentstobe heavily oil -stained. Several push
corescol lected from this site contained thermogenic
gas hydrates. so the occurrence of hydrates
imedi ately below the surface is evidently common.

Mussel and Clam Communfties jp CC 272

This lease block coatains an extensive
chemosynthetic community that 1s dominated by seep
mussels snd the vesicomyld clams Calyptogena
ponderosa snd Vesicomye cordata. The occurrence of
clams and wmussels in this area is apparently
correlated with the substrate; MUSSE!S predoainace
where the substrate is an exposed carbonate, while
clams are restricted to areas of soft surficial
sediments. Tube vorns Sre uncommon, SNd are stunted
sad comnvoluted when they occur.

The northeastern cormer of the |ease block is
characterized by slopes in excess of 30° end by a
highly irregular mcro-relief cons is ting of exposed
carbonate. The carbonsate waries {n form from a 10v
rubble. tOprominent, spire-like boul ders snd broad,
perforated plates. 0ss venting iS commonly
ocbserved. several beds of seep nussels have been
cbserved near the toOp of.rocky rise at a depch Of

620 m. A very large (> 5052y mussel bed csn be
found in a shallow depression  that runs
perpendicular to the contours of c¢he Trise.

Background f aunaare abundant and i ncl ude numerous
bag fish. helothuroids snd nephropid | Obsters.
Attached epifsuna i ncl ude Acesta bullisi L ( attached
botb to tube worms and (O rock), scleractinian
corals and brachlopods.

The slope of the rise is covered with sofc
sediment snd is generaly free f rom burrows or
visible megafauna. Several broad terraces crossthe
sl ope; these are carpeted with dead and mostly
disarticulatedclan shells. Coming off the rise and
onto an area Of re latively flat terrain, the dems ity
of shells increases as doss the frequency O
articulated she 11s. The clams occur in di f fuse
clusters roughly 100 m in diamecer, Several such
clusters Wer € observed during dives that explored
the ares south ofthe nussel beds. Living clams gre
comparatively uncommon snd generally ececur &t che
en& of curving trails, which form es the animals
pl ow through the surficfal sediments. FPresence of
these crails {ids the only reiable means for
di stinguishing 1i{ving clams from dead, articulated
shells.  Actempets te obtain push cores from this
areademonstrated that the sof tsurfic L al sedinents
alre underl ain with.|ayer of wery densely packed
clay.
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_ Hussel and Tube Worm Communities in GB-388

The Carden Banks block . 388 chemosynthetic
communities occur over & salt diapir at a water
depth of 2200 Eo 2300 ft. The feature islocated
~l40 o iles south of Louisiana at 27 °37'N and
92 °11'v.  Currently this is the only Seep comaunicy
that has been verified by submersible observation in
the Garden Bank lease area. However, a number of
ocher areas of Garden Banks have beea i dentified
that contain Ql-stained cores inferring char
chemosynthecic communities may also € common
this deep water lease grea.

Topography inthe GB-383 seep area iS

undulating with several areas ?f rough terrain.
Scattered throughout the area « re | ar ge~ carbonate

boulders, surface faults, and craters (blow-out
pockets). Gas seeps are associated wich these areas
of rough terrain. Three types of gas seeps were
observed: those associated with bacterial macs

(sporadic gas bubbles with low welume rel eases):
these found along surface faults (rapidbubbles with
hi gh vol une gas releases); and those associated with
craters (bl ow out pockets with sporadic bubbl es and
low volume flow) . A large wipe-out Zone is present
in the area. Piston cori ng has produced several
cores With oil staining, gas pockets, and hydrogen
sulfide. Sediment of the area consists of grey
s i lty-clayandis oOf considerable chickness.

Bacterial mats are widely distributed em the
sea floor Wi th three distinct colors (vhite, purple
ind 0 range ) . Several mats contained all three
:olors in concentrie rings with the orange mat
seeurring . in the center.

A diverse faunal assenbl age bas been recorded
‘rom traw samples | NR-1 ocbservations, still
phot ographs snd video tapes. Organisus previously
‘ecorded from GB-388 included ew species of
'es timencife ran tube wo rms(lamellibranchia sp. and
n Escarpia-1ike species). The black pogomophoran
Galathealinum N. SP, ) has been Collected f zom the
rawls but hsa not been observed on the gesa floor.
‘ish sad other species observedorcollected in
rawls include Gasa fisherf, Chauner plctus,
‘rophycis cirratus, and Peristemion greyae. Several
rabs, starfish, &p s neo .
nemones, and ethgﬁi:\?erubrs:tﬁtm "al g%.rzgggﬁ
ecorded. Large boulders were topped by cord and
orgonians, On which are large aphiuroids.

On the 1988 NR-1 cruise. | arge bed of the
ndescribed nussel (Mytilidae) which wasrecored.t
ush Hi{ll was d{scovered at this site. A | arge bed
f these nussels were found with tube wvoras | ocat ed
wdj scent to themussels. Gas seepage was present
)ut was very limited. t the aussel. site.

hemosvnthetic Comgunity in EB-376

The known Eas c Breaks chegosynthetic
:ommunities occur em a topographic bigb in the
lorthwest corner of the S5-376 lease bl ock. Thi s
iLgh between deptha of 1800 and 1700 feet rises over
00 feet shove the surrounding sea bottom and is
issociated With a strong seismic wipe-out zone.
tracif fed sedinments are present on the margi ns of
he topographic hi gh. Sediments €re copped by so ft
rown rmud becoming grey-greem in the deeper
ections.

A search tnthe NR-1 was conducted in water
depths ranging between 1700 and 2050 feet. Botroa
topography was mostly flat, featureless. mud botzom;
however. severa L areas were observed with exposed
authigenic carbonate boulders discributed in a
linear zone orienced approxi mately ease-wese. The
rocks were from one o several feet aCr 0SS and up te
6-8 feet high. In close proximity to the rocks a
smal | gas seep was observed at a. depth of 1728 fc.

Tube worms and clam shells were generally
associated with the boulder field areas. No live
clams or mussels were observed. Also assoclated
with the large boulders were sea fans, corals,
anenones, crabs and fish. The ctube worms wera
normally single bushes, no extensive beds were
observed. Scattered bacterial maes were also
present.

Trawl sanples taken across the top of this
topographi c high have recovered Calyptogena and
Vesicomya shells . and vestimentiferan and
pogonophoran tubes.

_ Coomun{ties

Gt her conmunities have been surveyed by the
submersibles including sites ia the Greea Canyon
bl ack 29/ 31 areas which contai ned scattered tube
worms and mussel beds (1987 NE-I); a tube werm and
mussel community several thousand feetsouth of Bush
Hll in 6C-185 (1987 Nil-1): a normal hecerotrophic
communi Cy in GC-195 (1988 Pisces); and a gas seep,
bacterial commmity in CC-52 (1988 Pisces).
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Clam and mussel assemblages associated with petroleum
seepage on the Louisiana continental sbpe form the only
substantial shell accumulations below storm wave base
on the northwestern Gulf of Mexico shelf and slope. Four
distinct biofacies are present at the seeps, dominated
respectively by mussels, lucinid clams, vesicomyid clams
and tubeworms. Each primary seep site is typically com
posed of a series of not necessarily contiguous, autoch-
thonous beds dominated by one biofacies. Mussels and
tubeworms often co-occur, but neither normally co-occur
with lucinid or vesicomyid clams.

Lucinid and vesicomyid clam beds have the best chance
of preservation. The vesicomyids produce a two-dimen-
sional shell pavement underlain in some areas by sub-
surface lucinids: the lucinid beds are normally thicker,
more massive shell beds. Taphonomic parameters differ
significantly within topographically and sedimentologi-
cally equivalent areas, both on the surface and in the
subsurface, even in adjacent samples. Local variability
in taphonomic characteristics may be a generd feature
of autochthonous, spatially time-averaged assemblages.
Despite essentially undisturbed accumulation in quiet
water below storm wave base, concavity ratios rarely differ
from I:1 and frequency of articulation maybe low. Dom-
inantly concave-up values previously reported in quiet
water may result from man’s fishing activities. Significant
variability in shell orientation, frequency of articulation

Copynght © 1990, SEPM {Society for Sedimentary Geoiogy)

and concavity ratio between adjacent samples indicates
that many individual stratigraphically-equivalent sam-
ples should be used in any taphofacies analysis of assem-
blages formed in low-energy environments. Lucinid beds
which form below the sediment surface and vesicomyid
beds which form on the sediment surface differed signif-
icantly in shell orientation and articulation frequency.
Assemblages forming below storm wave base in low-energy
environments may comprise a wide variety of taphofacies
&pending upon whether formation occurs primarily be-
neath the sediment surface or on the sediment surface,
despite contemporaneous formation under similar enwvi-
ronmental conditions.

INTRODUCTION

Benthic communities dependent upon chemoautotro-
phy were recently discovered associated with petroleum
seepage on the Louisiana continental slope in the northern
Gulf of Mexico {(Kennicutt et al., 1985; Brooks et al., 1987).
These assemblages, dominated by vesicomyid and lucinid
clams, mytilid mussels and vesatiraentiferan tubeworms,
are strikingly similar to those found at hydrothermal vents
(Fustec et al., 1987), hypersaline seeps at the base of the
Florida escarpment (Paull et al., 1984) and methane seeps
at the Oregon (Kuhn et al., 1986) and Japan (Juniper and
Sibuet, 1987) subduction zones. Widespread shell accu-

0883-1351/90/0005-0002/$3 .00




HYDROCARBON SEEP COMMUNITIES

mulations are not forming today on the continental slope
in the northwestern Gulf of mexico (Davies et al., 19391.
Petroleum seep-associated assemblages produce the only
significant localized shell accumulations in this area.

Preserved individuals present in fossil assemblages are
of three types (sensu Kidwell et a.. 19S6): autochthonous,
parautochthonous, and allochthonaus. The proportion of
each type in an assemblage generally figures prominently
in discussions of the assemblage’ s characteristics, although
the nomenclature may vary (Powell et al., 1989b; Scott,
1970; Fagerstrom, 1964; Johnson, 1960). The term par-
autochthonous typically applies to individuas no longer
in life position yet remaining within the habitat charac-
teristic of the species. As such, assemblages with a domi-
nantly parautochthonous component are of at least two
distinctive types. One, usually above storm wave base, con-
tains shells predominately redistributed over a relatively
wide areaby physi cal means; the other, usually bel ow storm
wave base, contains sheUs primarily redistributed over a
much smaller area by biological means.

In the first case where physical processes are principally
responsible for shell distributional patterns, redistribution
can and may frequently be regional in extant-throughout
abay or over much of the inner continental shelf, for
example. Although possibly far from where they die, these
individuala remain within the species characteristic hab-
itat. A great bulk of recant continent shelf and bay as-
semblages contain individuala predominantly of this type
(Powell et al., 1989b; Cummins €f al., 1986a; Davies et
al., 1989). In these assemblages, physical reworking and
burial is the dominant process for shell accumulation and
preservation, athough bioturbation may be locsUy im-
portant. Few shells accumulate on the sediment surface
because the rate of taphonomic loss ia high and only deep
in fauna may remain in life position (-inset al., 1986b).

A second and significantly different type of assemblage
forms in low-energy enviromments [following Brett end
Baird ( 19s6), we will define low-energy &S persistent cur-
rent velocities too low to transport fine sand and well below
the velocity needed to move most shells]. In these assem-
blages, those shells no longer in Ufe position have been
redistributed only 10CSUY , perhaps during death (by pre-
dation) or through postmeortem biological disturbance. Such
individuals not only remain within-habitat but, in fact,
remain within the locale in which they lived. In thii sense,
the assemblage as awhole is autochthonous (Powell et a.,
1989 b). It represents a collection of individuala which
lived together or succeeded one smother within the same
locale. If formed and buried rapidly enough, such assem-
blages may occur above storm wave base (Norris, 1986),
but most extensive accumulations can only he formed be-
low storm wave base in low-energy environments. Most of
these assemblages are not restricted to infaunal organisms,
therefore they require (biological) carbonate production
rates that exceed taphonomic loss rates at the sediment
surface. Only then can shells accumulate at the sediment
surface and be preserved.

Outer continental shelf/upper slope assemblages on soft
sediments are commonly encountered in the fossil record

(e.g.. Fiirsich,1984; Jablonski and Bottjer,1983; Jablonski
et a.. 1933; Norris, 1986). Most are composed Of autoch -
thonous individuals or are mixtures of autochthoneus and
parautochthonous individuals of local origin as just de-
scribed, but recent analogs have not been studied. Petro-
leum seeps represent an important recent analog where
shell beds are formed below storm wave base in a low-
energy environment and potentially preserved by gradual
burial. Al individuals are of local origin, many are in life
position. Norris (1966) CSUed this type of assemblage a
community bed. Most would he mixed autochthonous-par -
autochthonous assemblages es defined by Kidwell et a.
(1986) and autochthonous TAZ (taphonomically-active
zone) accumulations as discussed by Powell et a ( 1989b).
They fall outside the purview of Johnson’s (1960) models
and are not well differentiated by Fagerstrom’s (1964) or
Scott’s (1970) system. For simplicity, we will use the term
autochthonous for these shell beds hereefter.
Autochthonous assemblages in low-energy environ-
ments are commonly characterized by a suite of taphonom -
ic parameters including the presence of articulated bi-
valves, preferred concave-up orientations for single valves
on the sediment surface, and more vertically oriented shells
at and below the surface (Kidwell et a., 1986; Emery, 1968;
Clifton 1971; Grinnell, 1974; compare Wilson, 1986 for a
deep water high energy alternative). As Emery (196S) and
Powell et al. (1989b) pointed out however, all recent
studies of low-energy depesitional settings were conducted
in areas potentialy affected by commercial fishing and
shellfishing activities which may have reoriented sheUa,
particularly those on the sediment surface. Such is not the
case at petroleum seeps where water depth and geographic
isolation ensure that shell orientations result only from
natural processes. Here we briefly describe the biofacies
and geological setting of petroleum seeps on the Louisiana
upper continental slope and then consider the orienta-
tional characteristics of shells in undisturbed autochtho-
nous assemblages formed in low-energy environments.

METHODS

In 1987 the research submersibles Johnaon-Sea-Lii and
Navy NR-1 were deployed in 550 to 750 m of water for
reconnaissance end photographic surveysin Green Canyon
(GC) lease blocks 184,272 and 234 on the Louisiana upper
continental slops (Fig. 1). Still and video photographic
surveys Of chemoautotrophic organisms associated with
petroleum seepage were utilized to construct biofacies maps.
Shell orientation, articulation and fragmentation were de-
termined on shells 3-cmlong or larger by analyzing twenty-
eight 35-mm photographs selected from these surveys. This
size class aso represent the moat frequent size class used
elsawhere in the literature on death assemblages (Powell
et a., 1989 b). Three terrains, slopes, terraces and flat
plains, were distinguished (as described later). Ineach
terrain, a series of sites was chosen aong the video tran-
sects for data collection. Site selection was determined by
shell abundance (z 10 3-cm or larger sheUa per camera
frame). In some cases, adjacent frames were examined as
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well to mvestigate close-order variabili tv. AS a check on
the accuracy of photographic analysis, samples were col -
lected by submersible-aperated grab during the Jolinson-
Sea-l.ink dives and by box core afew months later us ng
the surface vessel R/V Gyre. The latter were also usedta
obtain shell orientational characteristics for the equivalent
size Classes below tne sediment surface.

GEOLOGICAL SETTING

Hydrocarbon seepage is common in the Gulf of Mexico
(Behrens, 1988; Kennicutt et a., 1988) and is controlled
primarily by fault systems created by salt diapirism (Mar-
tin and Case, 1975; Behrens, 1988). The substrate On the
Louisiana continental slope generally consists of 10to 15
cm of dark gray flocculent terrigenous clay underlain by
firm clay. In most areas, numerous burrows and mounds
indicate considerable bioturbation. By contrast, in aress
of active petroleum seepage, tar occurs throughout the
sediment, the sediment smells strongly of hydrogen sul-
fide, liquid oil and gas (methane) hydrates are occasionaly
observed, and the number of worm burrows and mounds
is markedly decreased, although bioturbation by epifaunal
vesicomyid clams may be extensive (Rosman et ., 1987).
Hence, a reduction in infaunal burrowing activity often
associated with low oxygen environments (Bromiey and
Ekdale, 1984; Savrda and Bottjer,1987) can also be pro-
duced at petroleum seeps without concomitantly low oxy-
gen in the overlying water ([0,] = 3.0 -5.2 mi/1).

Authigenic carbonate is common at and below the sed-
iment-water interface at petroleum seeps (Roberts et al.,
1987; Behrens, 1988) and other methane seeps (e.g., the
Oregon subduction zone—Kulm et ., 1986; Ritger et al,
1987; the North Sea—Hovland and Somerville, 1985;
Hovland et al, 1987). At GC-184, 272 and 234, carbonates
visi ble on the sediment surface form large blocks or ledges
10 to 40-cm thick and up to several meters across. Most
carbonate blocks were parallel to beddi ng but several blocks
were observed that dip as much as 4s’. asat the Florida
escarpment (Paull and Neumann, 1987), dissolution has
produced cavities and overhangs at the edges of many of
the horizontal carbonate blocks. The authigenic carbonate
formed below the sediment surface consists of aand te
gravel-sized grains and elongate irregular tubes and col-
umns. Tubes and columns were present either as discrete
lithoclasts or partially cemented together with associated
shell debris. At GC-234 and 184, a discrete horizon of
partialy-cemented authigenic carbonate and shell debris
occurs 10 to 20 cm below the sediment surface and, in
places, can extend down to at least 65 cm.

Local depressions (pockmarks) formed by gas expulsion
through the sea floor observed at North Sea sites by Hov-
land et al. (1987) were occasionally observed at the Lou-
isiana petroleum seeps. These features were much smaller
than the large crater reported by Prior et al. (1989) south-
east of our investigative area. Shell halos surrounded these
depressions and central shell lags produced by gas expul-
sion were observed. The infrequent observation of pock-

marks suguests that only a small percentage of the entire
preserved launa was atiected by t his process.

BIOFACIES DESCRIPTIONS AND
SPATIAL DISTRIBUTION

Four distinctbiofacies are present atthe petroleum seep
sites dominated respectively by mussels. lucinid clams.
vesicomyid clams and tubeworms. Orange and white bac-
terial mata occur sporadically in association with each bio-
facies. The clams and vestirnentiferans contain endosym-
biotic bacteria which ultimately derive energy from
hydrogen sulfide oxidation. Mussels, like those at the Flor -
ida escarpment and possibly the Oregon subduction zone,
contain endosymbiotic bacteria which utilize methane as
an energy source (Childress et a., 1986; Cavanaugh et d.,
1987; Kulm et aL, 19S6).

The mussel biofacies, dominated by the methanotrophic
mytilid cf. Bathymodiolus sp. (Fig. 2A), occurs in areas of
high methane concentration usually associated with fresh
oil on or near the surface and brine seepage. Ges bubbles
were frequently observed rising from live mussel aggre-
gations and collected live mussels were often coated with
oil. Live mussels generaly occurred in dense, elongate
patches with distinct boundaries and were commonly sur-
rounded by or adjacent to smaller concentrations of dead
mussels.

The two clam biofacies, dominated respectively by the
vesicomyids Calyptogena ponderosa and Vesicomya cor-
data (Fig. 2B-D) and the lucinids Lucinoma atlentis and
Lucinoma sp. (Pseudomiltha sp. of Brooks et al., 1987 and
Powell et al, 1989a), generally occurred farther away from
the influence of active seepage than the mussel biofacies.
Sediments were often impregnated with tar. The infaunal
lucinids typically were associated with subsurface carbon-
ate lithification. Dead lucinids, although infrequently seen
on the sediment surface, were distributed in box cores to
a depth of at least 65 cm, so the surface expression of the
lucinid biofacies obtained from photographic surveys
probably representa an underestimate of its importance.
Moat of the epifaunal vesicomyids, in contrast, were col-
lected in the top 5 cm of sediment- Whether thii restricted
distribution is due to recent colonization or alower pres-
ervational potential than the lucinids is unknown.

The tubeworm biofacies is dominated by vestimentifer-
an tubeworms Lamellibrachia sp. and Escarpia sp. which
occur as individua tubes, single bushes, or dense thickets
of closely packed bushes. Limid bivalves {Aceste bullist)
up to 15 cm long were commonly attached to worm tubes
and white gorgoniansupto 1 m across were occasionaly
observed.

Each primary seep site is typicaly composed of a series
of not necessarily contiguous, autochthonous beds domi -
nated, usually, by only one type of biofacies. Mussels and
tubeworms often co-occur (e.g., GC-184—Brooks et dl.,
1987; MacDonald et a., 1989), but neither normally co-
occur with lucinid or vesicomyid clams. Living mussels
were usually found at every mussel site, but living lucinid
and vesicomyid clams were observed at only a fraction of
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Lhc sites where dead individuals were found The discon-
tinuous distribution of shells and Lhe evenmare restricted
distribution of living organisms is also characteristic of
cold-water seeps at subduction zones (Sibuetet d.. (958:
Okutani and Egawa.l985). as well as tnost other death
assemblages (Fursich and Flessa, 1987; Powell et al., 1889b).

At CC- 184, the seep sites occupy the top of adiapiric
knoll, Bush Hilt (Brooks et at., 1987; MacDonald et al.,
1989), whereas at both GC-234 and GC-272, the individual
seep sites are distributed discontinuously along a linear
trend not necessarily associated with the surface topog-
raphy (Fig. 1B, C). Some suspected ancient seeps are char-
acterized by similar discontinuous, linear trends in shelly
carbonate (Howe, 1987; Beauchamp, 1988). The densest
concentration of organisms in GC-234 occurred on Beh-
rens' ( 19S8) “central diapir ridge” on a broad plateau (Fig.
1C). A large mussel bed, “Mussel Beach,” was present at
the southwestern end of the linear trend in GC-234.Lu-
cinid beds covered a wide area north and east of the mussel
bed. Large tubeworm thickets with occasional small pock-
ets of mussels were observed at the opposite, northeastern
end of the same linear trend, as well as at GC-184. At GC-
272, vesicomyid clam beds covered extensive areas. Small
mussel patches were widely scattered throughout the area.
Vestimentiferan tubeworras were uncommon. Dense lu-
cinid beds were sampled by box core at GC-184, Bush Hill,
and CC-23-4 near Mussel Beach. Many lucinids were also
collected in the subsurface at the vesicomyid sites in GC-
272. The areal extent of the lucinid beds at these sites
remains poorly described.

The spatia distribution of shells in the clam and mussel
biofacies are distinctly different. At GC-234,-Mussel Beach,
mussel concentrations extended discontinuously over a 300
m long, 60 m wide area. Individual beds containing both
live and dead mussels were typically elongate, sinuous fea
tures 20 to 200 em uide and 2 to 5 m long that commonly
bifurcated or crossed other beds. Smaller patches of dense-
ly-clustered live mussels punctuated the discontinuous
distribution of dead mussels in the beds. Other mussel
beds in the Mussel Beach area occurred as irregularly-
shaped patches up to several meters across.. Again, smaller
patches of densely-clustered live mussels occurred within
the main shell bed.

Vesicomyids typically produced significant accumula-
tions only 1 to 5 cm deep, underhtin by shell-poor mud.
Lucinid beds, in contrast, often extended tens of centi-
meters deep (>65 cm at GC-234) but the surface expres-
sion was leas conspicuous. Hence, in pure form, the vesi-
comyid bed is a two-dimensiona lenticular accumulation
or shell pavement whereas the tucinid bad is a three-di-
mensional shell bed. Where they co-occurred (e.g., GC-
272 ), the vesicomyids contributed most of the surface-
accumulated component to the three-dimensional bed.
Lenticular and more massive columnar shell accumula-

tions are also described from some ancient seeps «Garllard
et al., 1985; Gaillard and Rolin, 1986).

The vesicomyid bedsin GC-272 have two distinct modes
of spatial distribution. The most common distribution, on
flat areas and sloping areas, is a scattering of sheik over
the sediment surface (Fig. 2B). The density of clams is
generally lower thsn that of mussels but in places Scattered
shells grade into a pavement of shells covering the entire
sediment surface (Fig. 2C). In contrast, densely packed,
elongate accumulations of dead vesicomyids are found on
small flat terraces 0.5 to 1 m wide at the base of broad 30°-~
45° dopes (Fig. 2D). The shellspresent the appearance of
havi ng been noved downslope and collected there. The
slopes above contain sparse concentrations of live and dead
clams.

The extent to which sediment degasaing eventa, Slumps
and biological disturbance might contribute to downslope
transport is unknown, but normal bottom circulation is
certainly insufficient to move these shells(Sahl et al., 1987;
Snedden et al., 1988; Helper et al., 1988). In over 1500 hr
of submersible observation over severa years in early to
late spring, summer and early fall, no bottom current was
observed strong enough to produce any shell movement
or substantial “sediment resuspension. Ripple marks were

never observed and submersible tracks from previous years .

were readily identified still intact in subsequent years.
Moreover, seep communities had relatively sharp bound-
aries (over =50 m). Sampling by submersible confirmed
information obtained by camera transect that shells dis-
appeared rapidly at seep boundaries. No shells, not even
small individuals, were found abundantly outside the seep
sites. Accordingly, shell movement by currents is unlikely
and biological disturbance by epifaunal organisms such as
crabs appears to be the only important mechanism redis-
tributing shells. Such redistribution is only important lo-
cally within single seep sites.

TAPHONOMY
Surficial Accumulations

The preservational potential of the tubeworm biofacies
is low because moat of the dominant organisms, with the
exception of Acesta, have no preservable hardparts. Live
mussels grow prolifically and occur in dense concentra
tions, but a low percentage of dead mussels wea observed.
Mussel shells are more adversely affected by dissolution
than elams: many live mussels were collected with deeply
dissolved umbos and mussel shells are more easily broken
than clams. Samples collected outside live mussel beds
rarely yielded dead mussel shelis and never in any quan-
tity. Consequently the mussel biofacies ia probably poorly
preserved. In contrast, very few live clams were observed

FIGURE 2—Photographs of representative seep biofacies. A. Mussel bed, Ct. Bathymodiolus sp. with haghish. B. Vesicomyid darns on flat
terrain C. Vesicomyid damson stopes. D. Vesicomyid dam shedls accumulating on a terrace at the base of « skope against carbonate dlocks.
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TABLE 1 —Taphonomic condition of individuals from photographic surveys and box €COfeSs. Rows under each
location represent a@natysis of consecutive camera frames. Significance levels givenin the order breakage (B).
articulation (A), inclination (1), concavity (C), refer to chi-square comparisons (@ = 0.05) between adjacent samples

withina given location: - not significant. Letter (B. A. 1, or C) significant. Data are the number of individuals (single
or articulated valves) observed.

Concavity
. Articulation [inclination —
Significance Con-  Con-
{chi-square, Lkage Single Valves Hori- cave-  cave-
Site Terrain a =005 Broken Whole valve together zontal inclined Vertical up down
Vanationn adjacent samples from a site
Clams. mostly vesicomyid (ail GC-272)
3 slope (----) 0 55 55 0 55 0 0 23 k)
0 80 80 0 80 0 0 30 50
8 slope (B_) 1 34 33 1 44 0 1 19 25
0 31 31 0 31 0 0 L& 16
7 flat (B---) 7 21 2 0 28 0 0 12 16
0 48 48 0 48 0 0 28 20
8 flat (BA-C) 0 53 47 6 51 0 2 37 14
0 28 2 8 25 1 2 7 13
9 40 40 0 46 3 0 22 27
10 slope (----) 0 24 24 0 23 1 0 12 12
0 11 11 0 il 0 0 5 6
1l terrace (B-—) 15 14 14 0 26 3 0 10 19
0 7 7 0 7 0 0 5 2
0 27 27 0 24 3 0 13 14
16 (LA-) 0 27 23 4 7 0 0 9 15
0 33 21 12 33 0 0 13 14
0 62 57 5 61 1 0 Kil 26
Mussels (GC-272)
1 terrace (--¢) 0 14 14 0 13 0 1 9 4
0 48 47 1 38 9 1 24 23
0 9 9 1 9 0 0 1 8
Non-replicated sites
Clams, mostly vesicomyid (all GC-272)
2 terrace 1 24 24 0 25 0 0 6 19
3 flat 0 92 107 14 122 4 4 66 54
9 slope 0 36 36 0 36 0 0 12 24
13 0 22 22 0 21 0 1 16 5
14 0 22 22 0 22 0 0 1 11
15 2 18 18 0 25 0 0 6 14
Mussels (GC-272)
10 slope 0 81 81 0 66 0 15 44 22
Clams (from box cores)
CC-272 6 19 15 6 22 2 1 14 6
8 17 10 7 2s 0 0 6 12
0 2 2 0 2 0 0 0 2
1 7 5 2 4 0 4 3 0
GC-184 21 48 20 28 33 13 22 15 9
3 3 3 0 2 3 0 3 2

on or under the sediment surface but there were abundant are likely to be well preserved. Hence we concentrate our
dead clams present over wide areas. Samples taken in areas  taphonomic analyses on the characteristic of clam beds.
wiLh no living lucinids or vesicomyids frequently yielded Concavity (concave-up vs. concave-down), fragmenta-
shells of both typea in abundance. The two clam biofacies tion (as defined by Powell et al., 1989b), articulation
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TABLE 2—Results of chi-square comparisons within and between terrains and between mussels and clams. For
clams only. under categories for variation within and between terrains only (-), parentheses indicate significant
chi-square results that failed the more restricted nested ANOVA (P > 0.05) because most vanation could be
explained Dy differences in adjacent samples. Mussels were not tested using nested ANOVA.

Breakage Articulation inclination Concavity
variation within terrains (clams’ only)
Terrace P=0.03 P > 0.05 P> 0.05 P> 0.05
Flat area P=0.02 (P <0.0001) P=0.004 P > 0.05
Slope (P < 0.0001) P > 0.05 P > 0.05 P> 0.05
Variation between terrains
Clams* (P<0.0001) (P <0.0001) (P <0.0001) (P=0.009)
Mussels P> o005 P> 0.05 P <0.0001 P=0.04
Variation between clams and mussels
Terrace P<0.0001 P>005 P> 0.05 P > 0.05
slope P> 0.05 P> 0.05 £ <0.0001 P <0.0001
Total P<0.004 P<00Z P<0.0001  P=0.02
Variation between surficial, mostly vesicomyid (from pho-
tographic survey) and subsurface, mostly lueinid (from
box core) clams P <0.0001 P < 0.0001 P <0.0001 P> 0.05
Variation between lucinids restricted to the nearsur-
face (from box cores at GC-272) end surficial vesico-
myids (from photographic survey) P<0.0001 P<0.0001 P=0.002 P> 0.05
Variation between lucinids restricted to the nearsur-
face (from box cores at GC-272) and lucinids from
deeper. more massive beds (from box cores at GC-184) P> 0.05 P=0.03 P <0.0001 P> 0.05
Variation between surface (from photographic survey),
shallow subsurface at GC-272 (from box core) end
more massive beds at GC- 184 (from box core), disar-
ticulated shells only P < 0.0001

(single vs. articulated valves), and inclination (horizontal,
inclined, vertical) were recorded for three terrains. flat
areas (slope less than 10°), slopes (slope 10°-45°), and ter-
races (0.5 to 1 m wide areas running paralel to slope con-
tours). Where possible, we examined three scales of vari-
ation 1) between adjacent samples, 2) witbin terrains, and
3) between terrains. Constraints with obtaining data from
photographs certainly affected these analyses. Compara-
tive use of these data in paleontology should take into
account that whole shells were more easily seen than frag-
ments and that live end dead articulated individuals were
not always easily distinguished. Ground-truth collections
on the photographic transects confirmed the rarity of live
clams, so that articulation frequencies are accurate for
clams. Live mussels were common, hence articulation fre-
quencies are suspect for this species.

Clam (mostly vesicomyid) end mussel shells on the sed-
iment surface were normally whole single valves, oriented
horizontally. Mussel shells were more likely to hainclined
or vertical in orientation.(18% vs. 3% of clamshells). Clam
fragments were more common than mussel fragments and
mussel shells tended to be concave-up whereas clams tend-

d to be evenly split between concave-up and concave-
down (neither was significantly different from al:1 ratio,
however) (Tables 1, 2). Moat of these differences could be
attributed to the poorer preservation of mussels. Most
intact mussels were probably recently dead. Hence the
original orientation (vertica to inclined) was preserved
more frequently. Fewer recognizable fragments indicated
that taphonomic processes rapidly reduce shell sixe below
the resolution of our photographic analysis.

The distribution of living organisms probably changes
frequently because the distribution of near-surface petro-
leum seepage is temporally variable (see also Juniper end
Sibuet, 1987). Hence the living organisms are rarely dis-
tributed equivalently with the dead shells. Spatia time
averaging occurs when noncontemporaneous individuals
are added to the death assemblage at many locations in
the same stratigraphic horizon (Powell et al., 1989b) and
could result in spatialy-varisble taphonomic character-
istics in areas otherwise equivalent in environmental char-
acter. The spatial scale of this variability may be impor-
tant.

Paired samples from our study areas, essentialy con-
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FIGURE 3—Shell taphonomy. A. Clam {mostly vesicomyidlarticutation.
concavity. D. Mussel concavity. “

secutive camera frames, differed significantly in shell in-
clination no more frequently than expected by chance (Ta-
ble 1) {chi-square followed by a binomial test,q= 0.05).
The number of fragments differed significantly in four of
eight paired frames (chi-square, a= 0.05) and shall con-
cavity end articulation in two of eight paired frames, in-
dicating substantially greater local viability. A series of
sites was compared in each of the three terrains, slopes,
terraces, and fat areas (Fig. 3A-D). Although chi-square
indicated a number of significant differences between sites,
a nested ANOVA demonstrated that this variability was
not significantly greater than the local variability (camera
frame to camera frame) present in the data (Table 2). The
same result accrues from an examination of the variation
between terrains. Variation between terrains was not sig-
nificantly greater than the local variability within each site.
Clam valves, for example, were mostly whole on both flat
areas end slopes, but more fragmented clam valves were

MUSSEL CONCAVITY (dead)

0 concavewe
3 CONCAVE DOWN

ne135

TERRAIN

6 . Clam (mcvesicomyid) fragmentation. C. Clam (mostly vesicomyid)

found on terraces (Fig. 3B). A higher degree of fragmen-
tation on terraces could result from downslope transport
of physical or biological origin, but adjacent camera frames
werejust as variable, so variaion in the frequeacy Of frag-
mentation between terrains could not be judged signifi-
cant.

Four (sites 2,3,9, 13) of thirteen sites for clams and one
(site 10) of two for mussels had concavity ratios siFni.ﬁo
cantly different from 1:1 (chi-square, « = 0.05) (Table 1).
In three cases, the number of concave-down valves pre-
dominated. In two cases, concave-up valvea were most
common. Slightly more concave-up valves (527 %) were
observed in the flat terrain, but this distribution was not
significantly different from 1:1 (Fig. 3C). The percentage
of concave-up valves decreased significantly in both the
slope (41.3 % ) and terrace terrains (38.6% ) {chi-square, @
= 0.05). Mussel concavity showed the same decreasing
trend in concave-up percentages from slopes where the
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ratio was significantly different from 1:1 {66.7%) to ter.
races where it was not (49.3%) (Fig. 3D) but the changes
in mussel concavity were more dramatic. Because local
variability was so high, the increase in the percentage of
concave-down valves on slopes and terraces could be pro-
duced by the chanciness associated with sampling, but the
same trend would be expected if downslope transport im-
parts a preferred orientation of concave-down. In any case,
the relationship of preferred concave-up valves in low en-
ergy environments (Emery, 1968; Brett and Baird, 1986;
Powell et al., 1988b} was not observed in any terrain,
indicating that low energy environments need not always
be characterized by a predominance of concave-up valves.
In some cases, concave-down valves may be equally as
common.

Overall, then, shell accumulations present on the sedi-
ment surface were characterized by spatial variability in
their taphonomic attributes. The predominant scale of this
variability was on the order of one camera frame, a scale
of centimeters rather than meters or more.

Subsurface Accumulations

Box cores were necessary to examine the orientation of
sheUs below the sediment surface, but photographic sur-
veys permitted a much more intensive anaysis of surface
shells and avoided the possibility of reorientation of sur-
face sheUs during sampling. Consequently, we compare the
dats obtained by box core with that obtained by photo-
graphic survey. Although box cores could not he collected
at the same time as the photographic survey was con-
ducted, observation by submersible does not indicate any
reason why subsurface/surface shelf orientations should
not have been conservative over the time scale of sampling
(several MONthS) and the nearsurface dataobtained by box
core at GC-272 are internaly consistent with the trend
established between the photographic surveys of surficial
accumulations and the box core data for deep shell beds
obtained at GC-184, as discussed later.

Sitesat GC-184, 234, and 272, including the vesicomyid-
dominated sites at GC-272, were sampled by box core.
Vesicomyida were generally restricted to the upper 5 cm
of sediment. At GC-272, where the underlying sediment
was heavily impregnated with tax, the lucinid component
was resiricted to the upper 5 cm of the sediment column,
but lucinid shells were rarely found on the surface. At the
lucinid beds in GC-184 and 234, lucinids extended to much
deeper deptha in the sediment.

Overdl, the infaunal (mostly lucinid clams, by box core)
and epifaunal (mostly veaicomyid clams, by photographic
survey) assemblages differed significantly in moat respects
(Table 2). The fraction of vertica or inclined shells was
significantly higher in subsurface beda (34.5% vs. 3.2%),
athough the fraction of concave-up shells did not differ
s ignificantly. Fragments were much more common (but
this may be a sampling artifact; fragments were easier to
see in box cores). Articulated sheUs were much more abun-
dant (43.9% vs. 4.696 ). Like the veaicomyiddominated
surface, the ratio of concave-up to concave-down sheUs in

thelucinid-dominated subsurface did notdiffer signifi-
cantly from 1:1(chi-square,« = 0.05).

Subsurface data from box cores indicates that infaunal,
lucinid-dominated sites differed significantly among them-
selves ininclination (P <0.0001 )-one of three sites where
the number of individual exceeded 20 had many more
inclined and vertical sheUs. The subsurface samples aso
differed significantly in concavity (P = 0.06-concave-down
shells predominated at one site), but not in breakage fre-
quency or articulation frequency (Table 2). Even at GC-
272, where the shells were restricted to the O to 5 cm
stratum, individual samples differed significantly in con-
cavity (P = 0.02) and inclination (P = 0.001). Hence, like
the surface (photographic) samples, subsurface samples
differed substantialy site to site.

A comparison between the vesicomyid-dominated as-
semblages obtained from phot ographic survey and the lu-
cinid-dominated assenbl ages obtained from box cores at
GC-272, where all sheUs -were restricted to the O to 5 cm
stratum, demonstrates that surface and subsurface shells
differed considerably in condition and orientation even at
this narrow scale. Inclined or vertical sheUs, articulated
shells and fragmenta were more common below the surface
in the O to 5 cm stratum than directly on the surface (Fig.
4A-D). Although the large site-to-site variation observed
in both the photographic surveys and box cores precludes
an unambiguous statistical comparison, few photographic
samples contained as many inched or articulated shells.
Vesicomyids at petroleum seeps generaly live umbo up,
at a dlight angle to the horizontal (Rosman et al., 1987)
[vs. the vertical orientation of Calyptogena soyoae (Oku-
tani and Egawa, 1985)]. The single living Lucinoma at-
lantis collected was positioned vertically. The collection,
by box core, of individuals that died in place probably
explains the differences between the surface and subsur-
face assemblages.

The deeper, more massive lucinid beds at GC-184 dif-
fered even more from the surface, photographic surveys.
Inclined or vertical sheUs and articulated sheUs were even
more common than in the O to 5 cm stratum at GC-272,
despite both assemblages being lucinid dominated (Table
2). The collection of more individuals thet died in place
could again explain these differences. If so, then disartie-
ulated shells should be inclined or vertical no more fre-
quently below the surface than on the surface. This was
not the case; subsurface disarticulated shells were more
frequently inclined or vertical (chi-square, P <0.0001),
just as were the articulate shells. Disarticulated sheUs
certainly had been disturbed during or after death. Bio-
turbation is thought to increase the inclination of shells
(Salazar-Jimenez et al., 1982), but, except for the clams
themselves, bioturbating infauna are rare at petroleum
seeps. Perhaps, the activity of living, vertically-oriented
bivalves gradualy reorienta subsurface sheUs. Subsurface
space for new living individuals is certainly alimited com-
modity in most of these lucinid beds.

Overall, the subsurface lucinid-dominated samples com-
prised a mixture of individuals that died below the surface
and those that died at the surface. The differences between

Hl
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these end the surficial vesicomyid-dominated samples ob-
served photographically originates in 1) a greater fraction
of shellsin [ife position in the lueinid beds and 2) the
differing impacts of @) infaunal bivalves on the disposition
of subsurface shells and b) predators and other biological
agents on the disposition of shells at the sediment surface.
In the extreme comparison between the surficial vesico-
myids and the deeper, more massive lucinid beds at GC-
184, 55%% of the lucinid bed fauna was inclined or vertically
oriented or articulated and probably in life position,
whereas less than 570 of the vesicomyids were in equivalent
condition. Only 4.6% were articulated for instance.

CONCLUSIONS

Petroleum seep deposits are paleoecologically important
because they are the only known setting in the Gulf of
Mexico continental shelf and slope where autochthonous
shell beds are formed. Four biofacies are common at pe-
troleum seeps, dominated respectively by vesicomyid clams,

lucinid clams, mussels, and tubeworms. The two clam bio-
facies have the highest preservations potential. They
probably represent the extremes in the types of autoch-
thonous beds currently forming on the low-energy conti-
nental slope. The vesicomyids at GC-272 produce a two-
dimensional shell pavement that is underlain in some areas
by a narrow band of subsurface lucinids, whereas the lu-
cinid beds at GC-184 and 234 are thicker, more massive
shell beds. The two differ significantly in many taphonomic
attributes including shell articulation and inclination. The
thicker lucinid-dominated beds contain many articulated
shells, and many shells that are oriented vertically or in-
clined rather than horizontal. In contrast, surface shell
lenses have few articulated shells. Most shells were hori-
zontal. Whether the shell bed was formed predominantly
by surface or subsurface accumulation could be estimated
from the fraction of articulated and inclined or vertical
shells. Spatial time averaging was probably important in
both typea of assemblages. Few live animals were observed,
hence ail shells were probably not contemporaneous at
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stratigraphically- equivalent levels. The areal extent of the
Seep sites, as preserved, far exceeds the arealextent of the
living communities present at any one time.

Site-b-site variability was the general rule; that is, taph-
onomic parameters differed significantly within topo-
graphically and sedimentologically equivalent areas, both
on the surface and in the subsurface, and even in imme-
diately adjacent samples. Local variability in taphonomic
characteristics may be a general feature of autochthonous,
spatially time-averaged assemblages (see also Firsich, 1984;
Brookfield and Brett, 198S). Site-to-site variability sug-
gests the requirement of using many stratigraphically -
equivalent sample-sin any taphofacies analysis.

Petroleum seep assemblages are probably typical of au-
tochthonous assemblages forming its low-energy eoviron-
me nts below storm wave base, The characteristics of seep
assemblages demonstrate the following which may be gen-
erally true. 1) The disposition of shells on the sediment
surface may differ significantly even from shells immedi-
ately (a few cm) below them within the sediment. The
characteristies of the fossil assemblage will depend upon
whether surficial or subsurface accumulation predominat-
ed. 2) Articulated shells need not be common in autoch-
thonous assemblages. To the extest that shell accumula
tion occurs on the sediment surface rather than within the
sediment, articulate shells may, in fact, be rare’ 3) As-
semblages dominated by concave-up shells are not typical
for low-energy environments, even where horizontally-ori-
ent-ed shells dominate the assemblage A concavity ratio
of 1: 1 was the rule, trending, in fact,toward dominance
by concave-down valves. Dominance of concave-up shells
in surficial accumulations in shallow water, observed in
studies of modern death assemblage, might be artifacts
of man’s fishing activities. It is essential in studying recent
death assemblages to absolutely exclude the impact of
man’s activities on death assemblage composition before
appropriate comparisons to the fessil record can be made.
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‘ An assemblage st Garden Banks lease block 425. dominated by the
lucinid Thyasira aleophile Clarke 1969, consists solely of articulated
shells in life position (our unpubl. data). Accordingly, articulation
frequencies range from <5% to - 100% dependi ng upon the condi-
tions Of accumulation.
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A Methanotrophic Marine Molluscan ( Bivalvia,
Mytilidae) Symbiosis: Mussels Fueled by Gas

fases J Cuinpress, C. R.FisHeRr, J M. B ROOKS,
M. C Kex NicutT I R, BIpiGARE, A. E. A NDERSON

An undescribed mussel (family Mytitidae), which livesin the vicinity of hydrocarbon
seeps in the GuIf of Mexico, consumes methane (the principal component of narurat
gas) at a high rate. The methane consumption is limited to cthe gills of these animals
and is apparently due to the abundant intracellular bacteria found there. This
demonstrates @ methane-based symbiosis between an animal and intracellular bacteria.
Methane consumption iS dependent on the availability of oxygen and is inhibited by
acetylene. The consumption of methane by these mussels is associated with a dramatic
increase in oxvgen consumption and carbon dioXide production. As the methane
consumption of the bivalve can exceed its carbon dioxide production, the symbiosis
may be able to entirely satisfy its carbon needs from methane uptake. The very light
(8°C =-51 to -57 pcr rail) stable carbon isotope ratios found in this animal support
methane (3'*C= -45 per mil at this site) as the primary carbon source for both the

mussels and their symbionts.

ACTERIAL EXDOSYMB10O?WS USING
B reduced sulfur compounds as energy
sources and fixing CO: by means of
the Cal~in-Benson cycle have been implicat-
ed as the major source of primary produc-
tion around the deep-sea hydrothermal
vents (1-3). These bacteriaare found in the
gills of the clams and within the trunk of the
vestumentiferan tubeworms that live near the
vents. SiNce the inirial discovery, Such sym-
bioses have been found in a variery of ocher
taxa (2, 4) as well as a variery Of other
habitats {5-7) characterized by the availabil-
irv of both reduced sulfur compounds and
O:. Shortly after the initia discovery of
these symbioses, investigators began look-
ing for svmbioses based on other reduced
compounds found in some of these environ-
menu. We present here evidence of a meth-
ane-based symbiosis berween an animal and
intracellular bacteria. Methane is the princi-
pal component Of narural gas.

Childress ez al. have shown CH. con-
sumption by the bacteria-containing tissue
of the vent rubeworm Rifia pachyprila (8),
but the intact animal does nor rake Up CH.
(9). Other researchers have suggested on the
basis of the internal membranes seen in
some pogonophoran and mussel symbionts
that some symbioses consumeCHy, (2, 10);
however, there has been no dcmcmsuarion
of CH. uptake by these symbioses. On the
basis of their observations of unusuallv light
sable carbon isotope ratios, Kulm a al.
have suggested that the clams and worms of
the Oregon subduction zone consumeCH,
(11). However, rhc absence of any suppore-
ing data on the Oregon organism and the
faa that the same species found elsewhere
have sulfur-based symbioses (2) make this
suggestion highly speculative at Dest- Arp e
al. have also tailed to demonstrate signifi-
cant CH, uptake in the vent clam Calypro-

gena magnifica ( 12). Thus, the results de-

Table 1 Gas exchange rates iIT nssue picees from intace musscls of an undescribed specics from 3 hvdrocarbon 3%‘?5
Lowsiana. The ussue preces were incubated iN 20-mi (| 8SS symnges in membranc-filtered (0.435 um) sawater.

whole ammals were measured in a fit+-ing seream Of warter. All gases were

by ‘b\‘gaS‘L :rl"(g)'w

measurements were made at 7.5°C. Gill proxein content averaged 15.3% of wet weight by the Lowry method with
bosine serum alburrdn as 2 standard. Numbers in parencheses arc the 9%contidence tnrervals.

(o2} .CH, range Gas exchange rates {molg wes weight per hour)
Conditions Tissue n (u:ra\gﬁc (wmol/

lizer) lier) CO. G; CH,
Acrobic Gill 6 5%200 +La4(20.35) - 1.35( =039
Acrobic. Gill 10 90-200 44-190 +2.0%=038) -21 0Z022) -1.36(=023)
CH,
Acrobic, Gill 3 100-210 38-169  +1.36(20.20) -1.33(=0.43) =0.10(=0.11
CH..
acenkene
Hipotk. Gitl 4 5-30 200-435  +1.05(=047) -O.15=008) -0.17(=0.25)
CH.,
A«Eﬂ.c. Fe-n 1 130200  110-207  +0.45, +0.94 -0.86.-0.43  +0.05,-0.11
Acrobic. Mantke 2 140-200 84-226  +0.65, +0.38 -0.54.-0.53  -0.14. +0.07
CH.
Acrobic “wcal 2 120-200 +0.40, +0.34  -0.29.-0.24

anim:

Aerobic. Whole 2 30-150 20-205  +0.50, +037 -1.19.-1.20 -0.74.-0.90
CH. arsmad

1106

wrbed o th s report were imevpeated The
ven e measa rements and all sabsequer it
ones hay L show i thar these nnass < con -

sumie C Huaca hagh rar ¢ Who e anm vl

eaperimients b ¢ now been conducted on

i J)’. wdiidual musseks In addimon, 28
SCpArate experniments i e been carned out

on exased il ssue from aghe ditferent
individual mussels. In even case where Q.
was not himunng and no miubitor was bciné
used, the rate of CH, consumprion was
hgh, generallv approaching thar of O; con-

sumpuion.

The mussels used in this scudy (13) were
collected in nvo rrawds near hydrocarbon
Seep sires on the Louisiana dope of the Gulf
of Mexico (61(27°41 "N, 91°32'W) at bot-
com -depths of 600 ro 700 m. The same
trawls also remeved vesumendferan tube-
worms ( [4) and pogonophorans. Immedi-
atelv after caprure. the blood gas contents Of
seven vesument tferans, which were collected
in aclump az the first site. were analyzed by
gas chromatography (9). Five of these ani-
mals contained H.5 ( 113.42 and 27 wmol/
liter and rwo with trace amounts), three
contained CH, ( 142 and 1 10 wmolliter
and onc with atrace amount), and two
contained CO (24 and 16 zmolliter). Thus,
thisappears co be ahabitar with CH, aswell
as sulfide available at high concentrations.
As confirmation, a piston core taken along
she wawi mack (2 7°40.5°N, 90°31.6'W)
showed visible oil staining and H,S. Meth-
ane concentradons iN the sediments can be
very high since gas hvdrares are present in
this region (15).

Our initial measurements of O, and CH,
consumption by whale mussels showed ex-
traordinarily rapid races of initial CHaand
O, consumption, making experimentation
difficule. Therefore, we focused our efforts at
sea on studying the merabolism of gill pieces
(Fig.1, A, B. and C. and Table 1). The gills
were rapidly dissected free of the animals,
rinsed in 0.45 -um membrane-filtered sea-
water (MFSW), cut into 0.4 w0 O.S-g
picces, and kept at 7.5°C in MFSW undil
used. The gills’ ciliarv acriviev continued for
more than 12 hours after dissection under
these conditions; however. we compicted all
experiments within 7 hours. The separated
picces Of gill wereincubated at7.5°Cin 20-
mi_glass svringes closed with plastic vaives.
The syringes were filled with MFSW thae
had been partally decarbonated (total [CO:]
=600 pmolfiter), adjusted co pH 8.3. and
equilibrated with appropriate gases. Imme-

f.f Chukdress. C. R, FishCr. .4. E. Anderson, Oceanic
Biotogy Group. Marine Saience Insanste, and Depan-
ment Of Brologic %ﬁ%‘ummﬁ of” Cdifornia

Santa Barbara, CA 2 II. R, side
venmcure 1L . are, gcoﬁ:;

). M. Brooks. M.
ment of Oxcanography. Teaas A&M Universiry,
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duatehy ater nroduaing the @ll prece, a
sampic of water taken trom the SUTINEE was
anah zed tor COL O Na CHGL and acen-
iene byowas Chronarography (9). In cach
samphng a tatal ot 2 ml was removed from
cach imcubanon svange to provide the 0.5-
ml sampic for analvsis and 1o tush the
samiphing svainge. Fach incubation svringe
wac sampled four omes at 40- 1o 50-minute
ntervais. The rates dechined with ume, ap-
parently because of miing problems associ-
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Fig. 1. (a) Changes in CH, concentration in 2 20-
ml svringe during the incubadon of a pece of
mussel fAesh in membrane-filtered (0.45 um) sea-
water. Two mullititers was withdrawn at each time
period, and 0.S ml was anahvzed by gas chroma-
tography ( 9). +, Muss gill (0.44%59) under
acrobic conditions witch CHy present; 8, mussel
il {0.462 g) hvpoxic in presence of CHL A,
mussel gill (O 418 g) under acrabic conditions
with CH,and 38 wmolliter acerviene present; O,
mussel foot (0.667 g) under acrobic conditions
wich CH,. (b) Changes in O; concentration
under same conditions as (a). Same symbols as in
(a) with the addition of X. mussel gill (0.436 g)
aerobic wich no CH,. (¢) Changes in CO» con-
centration under same conditions as in (b) with
the same symbols.
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ated woath the ligh menabolic rates sinee
changmg  thonaabunonnedunetored the
onguni rates Phe rates presented in Tabie
are based onthe wverage rates iner the niest
oo samphng ot noab cthar s, the nes e
three anah sosy Control samphings demon-
strated thar ihe seas ater medium shos ed no
syruficant consumpnion of CHa or other
gases and that the consumprion rates w ere
wsig ficane when the aills were remaon ed
atrer 2 hours and the incubanion w s conun-
ued with the same warer. Measurenients
were also made on gill preces from Prexdo-
nnitha Sp. . Vesicomva cordnta, Solenva veudi,
and Calxptogena clongara, as well as on tro-
phosome preparations from two vesumenn-
feran tubewormss { Lamellibrachia Sp. and an
unidentified vestimenrtiferan belonging to
an undescribed genus (14)]. All of these
species have either been demonstrated ro
harbor symbiotic sulfur-based chemoauto-

ic bacteria Or to have close refatives for
which this mode of life has been demon-
strated (2, 4). Although all Of these other
preparations from svmbiont-containing tis-
sues showed significant O- consumption
and CO; production. none showed signifi-
cam CH. consumption. supporting thecon-
tention that CH, consumption is mm-ring
within the seep mussel gills and is not duc to
contaminanng bacteria or an unknown art-
face. Figure 1 shows the concentration
changes observed in the svringes during
experiments With tissues from the seep mus-
sel and showsthe rypical range of conditions
used and analytical precisionachieved This
figure is not directh convertible to rates
because the volumes in the syringes changed
after each analysis.

Table 1 and Fig. 1 show significant con-
sumpeion of CHa by the mussdl gillsin the
presence of Oz. The rates of O: consump-
don and CO,production arc afso signifi-
andy clevated (Mann-Whimey U test,
P = 0.01 for CO; and 0.01> £ >0.005
for O) when CH, is being consumed.
These dasa indicate that CH, is being oxi-
dized by O, but that much of the carbon is
also being rerained within the organism,
presumably as organiccarbon. The observed
C& consumption is abolished by low Oy or
by acetvlene (20 to 40 pmolfiter), as is
wpical of methanotrophic bacteria ()6).
Nather foot nor mantie tissue of the mus-
sels show significant consumption of CHa,
indicating char it is limited to the bacteria-
containing gills of the mussél and is not
caused by bacteria living on the surface of
the Muss-et tissues.

In whole animal experiments (Table 1),
individuals were placed in chambers in a
running stream Of filtered (0.2 wm), ultravi-
olet-sterilized, anribiocic-treated (penicillin
G and strepromycin sulfate at concentra-

Do of Mg e cadi seasaier ar T A

and of controtled was content The gas cone
wentrations e the wawater Iwtore entering
and arrer leaving dhe duamter were mea-
surcd by gas d:mm.lm;mplu' 9y and com-
pared to those trom a contral chamber. The
medsurements sapport the gl studies,
showing very bigh rares of CH, comanmp-
von, tours W0 mctold sumulaten of O
camumpnion m the presence of CH,L and
CH,; sumulanion of CO; producion. Rates
of CH. consumpnon were sustamed for
more than 24 hours, supporting the concept
that these mussels are oxidizing CH,. The
fact that CH, consumprion cxceeds CO:
production ar these CH, levels (50 to 200
wmoliliter) suggests that dus symbeosis can
potentially denive its carbon needs enurelv
from methane consumpsion.

Fig. 2. (a) Ekecron micrograph of a cross secuon
t.h'fough a mussc! gill filament. Central bacterio-
avte is flanked br an intercalary cell with microvilli
on the left. and an intercalary cell and bacrenocyte
on the right. Some of the symbiotic baceria are
indicared by armows; ny: nudeus of baaeriocyte;
2 nuckeus of intercalary eell( x 25S0). Scak bar.

2 um. (b] Electron nu h of a bacrerium
within a mussa gill cell. Stacked iwernal -
branes arc typical of tpe | phs
(.38.2S0]. Scale bar. 0.2 pm
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The il nssues ot three mussels of this
species had carbon sotope ranos (8'C) off
-51.8. -51.6. and =52. 1 pcr mul. and che
mantics o the samic mussels had ' C values
ot =57 3. =52.1. and -52.3 per mul, re-
spectiy <lv Such extremely lighr qumbers
sepacate the seep MUssel.s from the other
(apparcnly sultur-based) animal bactenal
s\ -mbioscs around these seeps, which have
8'‘C values berween -27 and -35 per mil
(6) Since. as indicated above. the ocher
Symbi0ses tested dO not appear ta consume
CH.. the 8"*C values in the mussel may
refiect rhe carbon isotopic composition of
thermogenic CH, (—45 per roil) inits envi-
ronment (16). The apparent homogeneity of
the §'*C values throughout the seep mussel
tissues indicates thatthe carbon derived
from CH, is distributed throughout the
animal. Since CH, oxidation is taking place
only in the gills, thisimplies the wransloca-
tion of organic carbon derived from CH,
from the gills to ocher dssues throughout
the animal. The degree to which the 8*C
differs from that of the other organisms
from the same environment alSo suggests
thar oxidation and incorporation of CHa
carbon is a M@ or nutritional input for this
mussel. The szable carbon isotope data sug-
gest that the 8"*C of animal dssue on the
Louisiana slope maybe useful for differend-
acing CH,-based symbioses from sulfur-
based symbioses. However, extrapoladiori of
isotopic ranges berween chemosynthetic sys-
tems (hydrothermal vent, subduction zones,
brine seeps) is highly speculadve, since a
variety Of processes can affect carbon isotope
ratios, and CH, stable isotope ratios vary
widely (17).

The question remains:- whar is the agent
responsible for the oxidadon? Optical and
transmission electron microscopy (18) re-
veal the presence of abundant intracellular
coccoid bacteria in vacuoles within the gills
(Fig. 2a). Stacks of intricytoplasmic mem-
branes, typical of type - | methanotrophs
(16), are visible in many .of these bacreria
(Fig. 2b). Type | methanotrophs have the
ribulose monophosphate cycle and incorpo-
rate carbon from CHy imo organic com-
pounds (16). These symbioats are very close
to the gill surface, which would facilitate
CH. uptake from the seawater.

This symbiosisberween a methanotrophic
bacteria and an animal host is potentially
ableto derivea large fraction of its energenic
and carbon needs from the consumpdon of
the reduced single carbon compound CHx
(29). This form Of symbiosis may well be
found in other vent and seep mussel species.
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8.1 INTRODUCTION

Chemolithotrophy appears to be the only type of metabolism that may result
in primary production of organic carbon in a permanently dark environment.
This fact was implicit inWinogradsky's(1887) postulation of chemoautotrophy
(see Chapter 1), i.e., the reduction of carbon dioxide to organic carbon by energy
derived from the oxidation of an inorganic compound. In place of “chemoli-
thoautotrophy” the following discussion will often apply the term “chemo-
synthesis,” making use of its contrast to “photosynthesis.” The potential im-
portance of chemosynthesis for organisms existing in the absence of light was
never seriously considered because life on our planet is overwhelmingly sup-
ported by photosynthesis.

This was generally held to be true also for the deep ocean where living
organisms, although in decreasing numbers, have been observed down to the
greatest depths of 11 km. About 65 percent of this globe is covered by water
deep enough to eliminate all light from reaching the sea floor. This immense
volume of permanently lightless seawater below a depth of about 300 m rep-
resents approximately 80 percent of the earth’s biosphere. The scarcity and the
distribution of organisms in this environment clearly reflect the photosynthetic
food input from the uppermost layers of water and the high rate of dilution
and consumption on its way down to the bottom. The strategies of survival of
the deep-sea fauna have much in common with those of desert communities.

It was quite a sensation when another characteristic feature of deserts was
found in the deep oceans: oases. During geological studies of zones of active
submarine volcanism known as “tectonic ocean spreading centers,” these oasis
sites were actually visited by manned research submersibles to depths between
1800 and 3700 m. On the first dives to particularly active centers, hot springs
were discovered discharging “hydrothermal fluid” into the surrounding sea-
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148 Chapter 8 Chemosynthetically Sustained Ecosystem in the Deep Sea

water (Corliss et a., 1979; Jannasch and Wirsen, 1979). The immediate vicinity
of these “hydrothermal vents” was inhabited by dense populations of marine
invertebrates: mussels, clams, and tube worms Of unusual size and representing
new species, genera, and families (reviewed by Grassle, 1986). [t was quite
clear from the first observations that these immense amounts of biomass could
not be explained by a supply of photosynthetically produced food particles.
Instead, the energy resource was theorized, and later found, to be terrestrial
(chemical) rather than solar (reviewed by Jannasch, 1985).

It seems evident that physical energy (high temperature arid pressure) is
converted into potential chemical energy by geothermal processes within the
earth’s crust. The resulting highly reduced hot hydrothermal fluid is carried
upward to the sea floor where the release of energy on contact with cold
oxygenated seawater takes place chemically or, if mediated microbiologically,
is accompanied by the fixation of CO0,into organic carbon. Thus, in an un-
expected manner the geophysical/geological exploration of plate tectonics re-
sulted in the discovery of a major microbiological phenomenon: the chemo-
lithotrophic sustenance of thriving communities of organisms in the deep sea—
a timely contribution to the 100th anniversary of Winogradsky’s observation
on microbial autotrophy in the absence of light.

8.2 DEEP SEA SOURCES OF ENERGY

The tectonic plate movements at spreading centers involve an intermittent
penetration of seawater several km into the earth’s crust. Through heating by
underl ying magma chambers it may reach temperatures of 1200°C before as-
cending again and reaching the seafloor as hydrothermal fluid with tempera-
tures of 350°-360 “C. These “hot” hydrothermal vents have flow rates of 1-2
m/s. The instant precipitation of black polymetal sulfides gives them a char-
acteristic appearance that has been termed “black smokers.” The precipitation
process also produces anhydrite (CaSO,) which forms part of these chimney-
like structures (Edmond and Von Damm, 1983). More important for the oc-
currence of rich animal populations are the “warm” vents with temperatures
around 25 °C and flow rates of 1-5 cm/s, where a premixing of hydrothermal
fluid with ambient seawater takes place in the porous sub-seafloor lava beds
prior to emission (Figure 8.1). An overview of the hydrothermal processes
involved is given in a symposium volume edited by Rona et al. (1983).
“Hydrothermal fluid” is thermally atered seawater which is anoxic, acid,
and highly reduced. Its chemical composition is the key for chemolithotrophic
processes. Certain ions are lost during subsurface precipitations or exchange
reactions; others are enriched through leaching processes. The chemical com-
position of most offshore vent emissions resembles that presented for the 21 ‘N
site (about 100 miles off the Pacific coast of northern Mexico) in Table 8.1. At
the Guaymas Basin vent site (in the Gulf of California), on the other hand, the
actual basalt lava emissions are overlayed by several hundred meters of sed-

yiams BN B s R MR Ee O NeEE SEees 0 mEEs TS . P



8.2 Deep Sea Sources of Energy 149

On mixing:

2+ -
Ca®* s 50,2 —> Caso,

Fe" + H,S —> Fes +2H°

N "'“““\ K\ Ve ,J\/J
illow Lava o 020 .
Sheet Luvox ° <3 ¢ 330 C\\\‘ /J I

o

.‘
Seowote.\\\—%/'\‘ —:D ‘\éi Sedimentation
_ ™ “.'"-..l-m b \‘\ l
Ill\.i:; §” /,,,,,,,,.Wu--.",,,{4,'///,{;;;-;;,-% \ N
RN
N NRN N ANN
shaligw
{10-200m)
l . E_n.rout.e / .
precipiiafion: z
deep / FeS, FeS,
(2-3km) CuFeS,
{
350°C
‘ Hydfg:""!lafmﬂ’ contour
— ) |
| — SO 5% ] HCO, —»-CO,, CH, | Mg®* 2 Ma®* [cu_” [ Fe*|cu® {H’

A } ]

‘ Y
e g
.

Figure 8.1 The major geochemical processes occurring within the oceanic crust and
on the deep sea floor. As seawater penetrates several km into the crust, it is heated to
350-400" C, reacts with basaltic rocks and leaches various chemical species into solution.
The highly reduced “hydrothermal fluid” rises and reaches the seafloor either directly
(hot vents) or after mixing with cold, oxygenated seawater before emission (warm vents).
On mixing, polymetal sulfides and calcium sulfate (anhydrite) precipitate either within

subsurface lava conduits or as “chimneys’ and suspended particulate matter in the
“black smokers” (modified from Jannasch and Mottl, 1985).

iment which is penetrated by the hydrothermal fluid (data in Table 8.1). Geo-
chemical processes result in the difference of ion composition in the sea floor
emissions at these two sites (Lonsdale et al., 1980; Edmond and Von Damm,
1985).

Most of the heavy metal enrichment found in the offshore “bare lava”
vent emissions is stripped during the passage of hydrothermal fluid through
sediments at the Guaymas Basin site (Table 8.1). As a result, the typical 350°C
black smokers are here transparent. Intrusion of magnesium indicates the de-
gree of seawater mixing with the originally magnesium-free hydrothermal fluid.
The calcium enrichment of hydrothermic fluid produces, at the point of mixing
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Table 8.1 Chemical composition of hydrothermal emissionsin the deep sea are
compared with ambient sea water

Chemical Unit of concentration Guavamas Basin 21°N i Seq water
Fe (M) 56 1664 0.001
Mn (M) 139 960 0.001
co (nM) 5 213 0.03
Cu (PM) 1 35 0.007
Zn (uM 4.2 106 0.01
Ag (nMg 230 38 0.02
Pb (nM) 265 308 0.01
Na (mM) 489 432 ’ 464
K (mM) 48.5 28 9.79
Li (uM) 1054 891 26
Mg (mM) 29 0 52.7
Ca (M) 29 15.6 10.2
Sr (M) 202 81 87
Ba (M) 12 7 0.14
cl (mM) 601 489 541
SO, (mM) 0 0 279
Si (mM) 12.9 17.6 0.16
Al (M) 0.9 5.2 0.01
NH, mM 15.6 0 0
H.S mM 5.82 7.3 0
H, mM 8 50 0.001
CH, mM 1 16 0.001
.pH 59 34 8.0
alk meq 10.6 -0.4 0.16

The samples were collected at vents in the Guaymas Basin (depth 2003 m) and the site at 21 “N
(depth 2610 mj). (Data from Wethan and Craig, 1983; Edmond and Von Damm, 1985; Jannasch and
Mottl, 19S5).

with the sulfate-containing cold seawater, fast-growing cones of anhydrite (cal-
cium sulfate) blackened by traces of metal sulfides. On cooling, anhydrite re-
dissolves in seawater, a process that also applies to the above mentioned an-
hydrite constituent of hot vent chimneys (Edmond et al., 1982). The resulting
porosity of the chimney walls becomes an important feature for the slow pas-
sage of sulfide-containing hydrothermal fluid and growth of microbial mats.
The amount of sulfide ions, asthe most important electron donor for
chemolithotrophy a deep sea vents, derives only in part from chemica re-
duction of the original sulfate content of the entrained seawater. Some of the
geothermal sulfate reduction and metal sulfide deposition takes place during
the downward movement of seawater into the-earth’s crust, and part of the
sulfide content of the recirculating hydrothermal fluid stems from sulfur leach-
ing of basalt at high temperature (Figure 8.1). The additional metal sulfide

depositions from the ascending hydrothermal fluid in the Guaymas Basin seal-

iments lowers the final sulfide concentration at this vent site.
At the same time, the organic constituents of these sediments, derived

from the deposition of diatoms in the photosynthetically highly productive .
waters of the Gulf of California, provides the vent emissions of the Guaymas °

Basin site with a high ammonia content. This is, again, very different from the
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“bare lava’* vents of the 21°N site where the photosynthetic input is negligible
and no ammonia is found in the hydrothermal fluid (Table 8.1).

The amounts of dissolved hydrogen and methane and other potential elec-
tron donors for chemosynthesis, are highly variable at every vent site studied
so far and, therefore, undistinguishable for the two vent sites recorded in Table
8.1. Their background quantities in ambient seawater are equally nonconser-
vative, i.e., subject to biological conversion. Methane, being organic, is not
commonly considered a substrate for chemolithotrophy. Dealing with deep sea
vent emissions, however, where the bulk of methane is of geothermic and not
of biological origin (Welhan and Craig, 1983), one is tempted to treat it like
an inorganic compound and a source of energy and carbon at the same time
in a mixed chemolithomethy lotrophy.

8.3 IN SITU CHEMOSYNTHETIC ACTIVITY

The first observations of dense bacterial suspensions in the plumes of “warm”
vents (around 230 C) at the Galapagos Rift ocean spreading center (Corliss et
al., 1979; Jannasch and Wirsen, 1979) provided evidence to support the as-
sumed microbial base of the food chain leading to the rich animal communities.
During the years following these initial observations, studies on chemolitho-
trophic in situ activities, physiology of microbial isolates, and measurement of
the transfer of “chemosynthate” to the vent animals have been limited by the
rare occasions to visit the deep sea sites by submersible vessels and by the
relatively restricted operations that are possible on the deep sea floor.

Attempts to measure the total biomass of natural microbial populations
have advanced during the last decade from plate counts and microscopic cell
counts, using epifluorescence optics on acridine orange-stained cells, to ATP
and total adenylate determinations. In addition, the ratio of GTP:ATP (GTP,
guanosine 5'triphosphate) has been used as a determination of microbial growth
activity at certain warm vent sites (Karl et al., 1980).

Such general growth or biomass assessments (Karl, 1980) do not estimate,
however, the part played by chemolithotrophic organisms. Chemosynthesis
was measured, therefore, in much the same manner that field studies of pho-
tosynthetic CO,-fixation are conducted. Sets of six 120 ml syringes, precharged
with ' +C-labeled bicarbonate, were filled (using the mechanical arm of the
submersible) with the bacterial suspension from a warm vent (around 23 “C).
One set was incubated in situ in ambient waerof temperature around 3*C;
two other sets were incubated in the ship’s laboratory at 3° and 23 ‘C. Rates
of CO, fixation of a typical experiment are presented in Figure 8.2. The hatched
columns show data from syringes that were also supplemented with 1 mM
thiosulfate. Placing a syringe holder within a vent plume for incubation at in
situ temperature was not possible and may also be irrelevant in the absence
of accurate temperature recording.

Three major characteristics of chemolithoautotrophic activity in warm vent
emissions emerge from the data presented in Figure 8.2: 1) the effect of in situ
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Figure 8.2 Rate of carbon dioxide incorporation by the natural population of bacteria
suspended in “warn vent” wate incubated insitu (260 atm, 3“C) and in the ship’s

laboratory at two temperatures. Hatched columns indicate a 1 mM thiosulfate supple-
ment (from Jannasch, 1984).

pressure (around 250 atm) is negligible; 2) the response to temperature indicates
that the organisms are mesophiles; 3) the addition of thiosulfate resulted in at
least a doubling of the CO,-fixation rate. A more detailed study (Tuttle et al.,
1983; Wirsen et al., 1986) confirmed this general scheme. Experiments con-
ducted at 1 atm under otherwise equal conditions resulted in similar data, i.e.,
within the range of error, as in the in situ experiments. The CO,-fixation rate
slowed abruptly when the samples were cooled from 23 ‘C to ambient seawater
temperature (2-3 ‘C). In addition to thiosulfate, tetrathionate was also oxidized
by the natural microbial warm vent populations. Experiments supplementing
ammonia, nitrite, hydrogen, or methane have not been done. Only the latter
two are present in the water issuing from bare lava vents. In separate exper-
iments, uptake of the *C-label from acetate and glucose was found to be quite
rapid (Tuttle et aL, 1983; Wirsen et al., 1986).

One disturbing result of these studies was the early notion that the entire
production of bacteria within a warm bare lava vent field would not be sufficient
to support the growth of those massive invertebrate populations that are found
outside of the areas where the bacterial cell suspensions occurred. The expla-
nation emerged later when the assumption of a new type of endosymbiotic
chemolithotrophy was substantiated (see below).

An unusual feature of the sediment-covered Guaymas Basin vent site is
the massive occurrence of mats of essentially monocultures of Beggiatoa (Nelson
et al., 1988). Chemoautotrophy was demonstrated in these mats by measuring
ribulose bisphosphate carboxylase (RuBPC) and *CO,-uptake activities on
freshly collected material; the results were similar to those obtained earlier with
pure cultures of marine Beggiatoa (Nelson and Jannasch, 1983).

8.4 CHEMOLITHOTROPHIC ISOLATES

Isolates of thiobacilli-like organisms were readily obtained in large numbers.
A representative list of strains in Table 8.2 is subdivided according to metabolic
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characteristics such as acid formation as well as growth and CO, fixation in
the presence and absence of an organic substrate (Ruby et al., 1981). The wide
range of organisms from obligate chemolithotrophs, through the mixotrophs
and facultative chemolithotrophs to the chemolithoheterotrophs—and certain
true heterotrophs that are able to oxidize sulfur compounds with no measurable
gain of energy—is not different from other marine habitats and from what is
known of aerobic microbial sulfur oxidation in general (see Chapter 4, and
Kuenen and Beudeker, 1982). )

The acid-producing and slightly acidophilic obligate chemolithotrophs may
only be able to grow competitively in dense mats on rock surfaces of sub-
seafloor lava chambers. Many of the mixotrophs and facultative chemolitho-
trophs grow well at the pH of seawater (Figure 8.1) and may even raise the
pH slightly by producing polythionates instead of sulfate. Their growth is
favored by the occurrence of variable concentrations of dissolved organic com-
pounds in the sulfide- and thiosulfate-containing vent water surrounding the
rich animal communities. Gottschal et al. (1979) have emphasized the ecological
significance of the metabolic flexibility of these facultative sulfide-oxidizing
organisms from results of continuous culture studies on competitive population
dynamics (discussed in detail in Chapter 4). This principle appears to be directly
applicable to the microbial vent populations considering, of course, that no
homogeneous mixing exists and that part of the various metabolic types are
spatially separated. However, the result appears to be the same: the larger
portion of the total population of aerobic sulfur-oxidizing bacteria consists of
nonobligate chemolithotrophs. -

Tests for low-temperature adaptation (the psychrophile character, shown
by growth optima between 8“ and 16°C) and high-temperature adaptation

Table 8.2 Growth of bacterial isolates (thiobacilli-like) from vent water samples on
thiosulfate and veast extract media*

Growth’ g HCO,™ fixed per 10'cells
Strain Final” PHin T-ASW Y-ASW T-ASW Y-ASW  T-ASW  TY-ASW
L-12 47 N 67 IGe 31 3.2
RTPMB 47 6 56 IG 2.7 31
TB-49 47 14 86 IG 6.1 3.7
SS-T 39 2.0 199 IG 31 3.6
NF-18 6.3 203 12 1 25 1
AG-33 6.5 218 7 2 6 2
TB-66 5.7 106 4 3 6 2
RTRG 6.2 ND¢ 6 A N 2
AC-25 84 3B 04 0.1 IG 01
NF-13 8.8 115 ) 7 2 IG 2
TB5.5-9 8.7 . 245 .6 1 1 1
TB-A 79 ND ND 1 1 1
K-12 7.8 ND ND 0 [G 1

‘T, thiosulfate (10 mM); ASW, artificial seawater; Y, yeast extract [0.01% wt (voly}; initial pH was 7.0.
*Ratio of MaXximum’ cell density (as- determined by epifluorescence direct counts) over that in the
unsupplemented control

‘IG, insufficient growth for determination

“ND, no data

Data from Ruby et al., 1981.:
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(thermophily, growth optima above 40 ‘C) were negative: all isolates were
mesophilic with optima between 28° and 35" C. Growth studies at various
pressures relevant to deep-sea origin of the isolates revealed them to be bar-
otolerant rather than barophilic, i.e., highest growth rates occurred at 1 atm
while pressures of 200-300 atm lowered the rates no more than 20 percent.
No growth occurred at pressures above 500-600 atm.

Two physiologically typical isolates, listed in Table 8.2, were studied in
more detail: strains L-12 and NF-18. The obligately chemolithotrophic strain
L-12 was found to belong to the genus Thiomicrospira (Ruby and Jannasch,
1982) and appeared not to be different enough from T. pelophila (Kuenen and
Veldkamp, 1972) to create a new species. A typical microaerophile, it could be
grown to unusually large colonies on agar plates when care was taken to reduce
the oxygen concentration of the atmosphere. Also unusual was the high tol-
erance of this strain (Thiomicrospira L-12) for hydrogen sulfide (300 #M). Its
growth response toward temperature and pressure fell within the ranges given
above for natural populations of sulfur-oxidizing bacteria. During later studies,
a Thiomicrospira Sstrain was isolated from another vent site (21 ‘N) that was
indeed different from T. pelophila, mainly by its G+ C mol percent content and
its higher growth rate and optimal pH in the same thiosulfate medium. It was
described as a new species, T. crunogena (Jannasch et al., 1985).

The second strain (NE-1 8 in Table 8.2) studied specifically represents a
facultative or mixotrophic thiosulfate oxidizer, The stimulation of CO,-fixation
by thiosulfate is almost 10-fold (Figure 8.3) The addition of an organic substrate,
such as glucose or yeast extract, eliminated or obscured any growth advantage
due to thiosulfate oxidation (Ruby et al., 1981). By virtue of their catabolic
flexibility and their ability to grow optimally at a large range of relatively high
pH values (6.5-8.5), many organisms in this category are likely to constitute
the major population of sulfur-oxidizing bacteria at the hydrothermal vents.

Attempts to isolate extremely thermoacidophilic, aerobic sulfur oxidizers
of the Sulfolobus-type from the deep sea hydrothermal vents have so far been
unsuccessful. It is quite possible that the gradient between the two zones, the
hot anoxic hydrothermal fluid on the one side and the cold oxygenated mixture
of hydrothermal fluid and ambient seawater on the other, is simply too steep
to permit the establishment of a Sulfolobus population. Fluctuations at this
interface may also be highly destructive to such populations. If such organisms
exist, they do not seem to be extensive and might simply have escaped de-
tection.

The first isolation of an anaerobic chemolifhotroph (Jones et al., 1983)
originated from the outside of a21 ‘N black smoker and turned out to be an
extremely thermophilic methanogen. It grew optimally at a temperature of 86°C
with a doubling time of 28 rein, and was identified as a new species of the
genus Methanococcus. Very similar organisms were isolated later from the hot
Guaymas Basin sediments independently by W. J. Jones, Georgia Institute of
Technology at Atlanta, and by Zhao et al. (1988). This extremely thermophilic
methanogen appears to be a common constituent of the microbial hydrothermal
vent population.
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Figure 8.3 Incorporation of “C-labeled bicarbonate by the mixotrophic thiosulfate-
oxidizer, strain N-1 8, in artificial scawater medium (ASW, dots) and in ASW plus 10
mM thiosulfate (filled triangles), as compared to the base-producing strain TB5.5-9 (see
Table 8.2) in ASW (circles) and in ASW plus 10 mM thiosulfate (triangies) (from Ruby
et a, 1981).

These archaebacteria were recently joined by another one: extremely ther-
mophilic sulfate-reducing bacteria (Stetter et al., 1987). At least in its capability
to use molecular hydrogen as a source of electrons, this organism might also
be found as part of the lithotrophic microbial deep-sea vent population. So far
the predominant group of extremely thermophilic organisms isolated from var-
ious vent sites is represented by fermentative and sulfur-reducing archaebac-
teria(Jannasch, 1988).

8.5 SYMBIOTIC CHEMOLITHOAUTOTROPHY

Three major species of invertebrates constitute the bulk of the rich animal
populations observed in the immediate vicinity of the “bare lava’ hydrothermal
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vents: MUssels (Bathymodiolus thermophilus, Kenk and Wilson, 1985), the “giant”
w’bite clams (Calyptogena magnifica, Boss and Turner, 1980, Figure 8.4), and
the vestimentiferan tube worms (Riftia pachyptila, Jones; 1981, Figure 8.5). This
IS in contrast to the sediment-covered vents at certain ocean spreading or sub-
duction zones (Lonsdale et al., 1980; Kulm et al., 1986) where the presence of
photosynthetically provided organic substrates limit the significance of a pri-
mary chemosynthetic production of organic carbon and where a much larger
variety of partly well-known deep sea invertebrates are observed.

Of the above three groups of animals, only some mussels occur within
the dense microbial suspensions of the immediate warm vent plumes. The rest,
as do most of the white clams and the vestimentiferan tube worms, occur
outside the direct vent emissions in clear water where the concentration of
particulate organic matter is much too low to serve as a food source. Subse-
guently it was found by electron microscopy and by enzymatic studies that
the gill tissue of the bivalves contain procaryotic endosymbionts that are in-
volved in the production of ATP through the oxidation of inorganic sulfur
compounds and in the reduction of CO, to organic carbon (Cavanaugh et al.,
198 1; Felbeck, 1981). Specifically indicative of microbial metabolism is the
presence of ribulose bisphosphate carboxylase (RuBPC; see Chapter 19) and
adenosine 5'phosphosulfate reductase (APSR; see Chapter 14). While microbial
symbionts may be absent from mussels or occur in variable quantity, the white
clams appear to depend on their presence.

Figure 8.4 Populations of white clams (Calyptogena magnifica, Boss and Turner, 1980),
20-30 cm in length, located within cracks between boulders of “pillow lava” at the
21 °N East Pacific Rise vent site (depth 2610 m, from H. W. Jannasch, 1984).
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Figure 8.5 Populations of vestimentiferan tube worms (Riftia pachyptila, Jones, 1981),
about 40 cm to 1 min length, brachyuran crabs (Bythograea thermydron, Williams, 1980),
limpets (Neomphalidae), and the small white housings of certain polychaetes (Serpu-
lidae) attached to the rock surface. Also shown is one speamen of the so far undescribed
“vent fish.” Galapagos Rift vent site (depth 2550 m, photo J. M. Edmond).

Dependence on microbial symbionts isalso true for the vestimentiferan
tube worms (Figure 8.5) which reach lengths of more than 2 m and can occur
at densities that appear to exceed the highest concentration of biomass per area
known anywhere in the biosphere. The high biomass alone is astounding,
especially considering that hydrogen sulfide, a potential metabolic poison, is
serving as the major source of potential energy (electron donor). Detailed an-
atomical studies (Jones, 198 1) revealed the absence of a mouth, stomach, and
intestinal tract, in short: the absence of any ingestive and digestive system.
Instead, the animals contain in their body cavity the so-called “trophosome”
(Figure 8.6), a tissue consisting of coccoid procaryotic cells interspersed with
the animals’ blood vessels (Cavanaugh et al., 1981; Cavanaugh, 1983). A “che-
moautotrophic potential” in these worms was described by Felback (1981)
based on assays of enzymes catalyzing the synthesis of ATP via sulfur oxidation
(rhodanese, APSR and ATP sulfurylase) as well as the Calvin cycle enzymes
RuBPC and ribulose 5’phosphate kinase (APK) (Figure 8.7). ADP sulfurylase
(ADPS) and phosphenolpyruvate carboxylase (PEPC) were aso found (Felbeck,
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etal., 1981). None of these enzymes were detected within the worm tissue
proper.

The trophosome may represent more than half of the wet weight of these
worms. The necessary simultaneous transport of oxygen and hydrogen sulfide
from the retractable plume of gill tissue (Figure 8.5) to the trophosome is carried
out by an extracellular hemoglobin of the annelid-type blood system (Arp and
Childress, 1981; Wittenberg et al., 1981; Terwilliger et al., 1983). Respiratory
poisoning appears to be prevented by the presence of a sulfide-binding protein
(Arp and Childress, 1983).

No chemolithotrophic symbiont has so far been cultured from any of the
above-mentioned vent invertebrates. A study on concentrated and purified cell
suspensions obtained from mussel gill tissue and from tube worm trophosomes
by density centrifugation (Belkin et al., 1986) reveaed that the symbionts of
these two types of animals are distinctly different. While the symbionts of the
mussel Bathymodiolus thermophilus use thiosulfate, as the only electron donor
and are clearly psychrophilic, i.e., they show an optimal CO,-uptake activity
at 16° C with amaximum just beyond 22°C (Figure 8.8), the trophosome sym-
bionts of Riftia pachyptilaoxidize hydrogen sulfide and are active at temper-
atures up to 350 C. In addition to differences in cell size, the mussel symbionts
use free oxygen while the worm symbionts depend on its uptake from oxidized
hemoglobin. From the analyses of 5S rRNA nucleotide sequences (Pace et al.,
1985), and more recently from 16S rRNA sequences (D. L. Distel, personal
communication), it became apparent that the procaryotic symbionts of al chem-
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Figure 8.7 Scheme of metabolic processes in procaryotic symbionts within bacterio-
cytes in the gills of vent bivalves; the presence ofP the enzymes catalyzing ATP-pro-
duction, the Calvin cycle, and nitrate reduction have been demonstrated (adapted from
Felbeck et al., 1983).

olithoautotrophically existing marine invertebrates so far investigated belong
in different groups.

8.6 TOTAL CHEMOSYNTHETIC PRODUCTION IN THE
DEEP SEA

It has been a classical enigma for geochemists that the globe’s heat flow balance
could not be explained from conductivity calculations nor does the actual min-
eral composition of seawater come anywhere near the sum of weathering pro-
cesses, river input, and dissolution/precipitation reactions (Edmond and Van
Damm, 1983). These apparent anomalies can be resolved by the assumption
that the total volume of the oceans’ seawater (1.37 X 102! liters) percolates
through the earth’s crust about once every 8 million years. While this hy-
drothermal cycling only amounts w about 1/200 of the oceans’ river input,
the mineral enrichment of the vent flow is 1000 times that of land runoff. These
geochemical calculations lead to a total annual entrainment of 120 million tons
of SO,?~-sulfur. Three-quarters of this amount is deposited as polymetal sul-
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Figure 8.8 Incorporation of “C-labeled bicarbonate by homogenates of mussel (Bath-
ymodiolus thermophilus) gill tissue and Riftia pachyptila trophosome at various temper-
atures. Open squares. gill homogenate incubated with 200 uM Na,S,0,; filled squares:
purified fraction of mussel gill homogenate incubated with 400 M Na,S,0;; dots: tro-
phosome homogenate incubated with 600 M NaS. Maximal incorporation rates in
these three experiments were 6.0, 1.0, and 3.3 nmol CO, mg* protein h-*, respectively

(from Belkin et a., 1986).

fides on both sides of the spreading axis while the rest, 30 million tons of S2--
sulfur, is emitted on the seafloor by hydrothermal venting (Edmond et al.,
1982).
It is the general consensus of geochemists that most of the H,S emission
into oxygenated deep seawater takes place by diffusion through hydrothermal
conduits or by slow mixing in warm vents. Only the smaller portion of hy-
drothermal fluid is emitted by the hot vents or black smokers, the chemosyn-
thetic potential of the reduced inorganic compounds being lost by a quick
dilution and subsequent slow chemical oxidation in the water column. On these
grounds, it may be a generous but reasonable assumption that half of the
available S* -sulfur at hydrothermal vents, i.e., 15 million tons, may be used
for chemosynthesis. If the ensuing amount of organic carbon (in a 1:1 stoi-
chiometric proportion of C:S) is compared to the “annual photosynthetic pro-
duction (global: 77.6 X 10° tons, oceanic: 18.7 X 10’ tons, Woodwell et al.,
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1978), it follows that the global chemosynthetic production, based on geo-
thermally reduced sulfur, does not amount to more than 0.02 percent, and the
oceanic production alone to about 0.1 percent of photosynthesis. However, this
negligible proportion increases considerably, namely to 10 percent, if we con-
sider the deep sea environment only where not more than about 1 percent of
the surface-produced photosynthetic food materials arrive in the form of sed-
imenting particles.

Other reduced inorganic compounds in hydrothermal fluid are NH,, H,,
CH,, Fe*", and Mn** (Table 8.1). Their microbial oxidation has been demon-
strated (Jannasch, 1985), but the largely qualitative data do not permit an
estimation of their significance with respect to insitu chemosynthesis. The
considerable concentrations of ammonia at the sediment-covered vents of the
Guaymas Basin suggest a substantial rate of vitrification-based chemosynthesis
which, however, has not yet been measured.

The concentrations of hydrogen and methane are highly variable in vent
emissions, and their contributions to the insitu production of microbial cell
material is equally difficult to determine as that of vitrification. Methylotrophy
was first indicated by the characteristic morphology of methane-oxidizing bac-
teria occurring in microbial mats that cover surfaces within a vent plume (Jan-
nasch and Wirsen, 1981). More recently, symbiotic methylotrophy has been
suspected on the basis of '*C-isotope depletion in the tissue of certain inver-
tebrates (Kulm et al., 1986} and has been later demonstrated enzymatically
(Childress et al., 1986; Schmaljohann and Fliigel, 1987; Cavanaugh et al., 1987).
In the latter case, however, the methane is not a product of geothermal activity
but occurs in the neighborhood of bituminous deposits or results from the
decomposition of organic matter.

Although the occurrence of extremely thermophilic methanogenic bacteria
at hot vent environments (see above) suggests biogenic production of methane,
studies on stable carbon isotope ratios indicate that most of the methane con-
tained in the hydrothermal fluid is of geothermal origin (Welhan and Craig,
1983). This abiogenic origin may define it as an inorganic compound and, in
turn, its microbial oxidation a chemolithotrophic gain of energy. The coupling
to auto trophy is insignificant, however (Whittenbury and Dalton, 1981).

Microbial iron oxidation can neither occur at the high pH of oxygenated
seawater nor in the acidic but oxygen-free hydrothermal fluid. It may occur at
certain limited localities in acidified microbial mats (Jannasch and Wirsen, 1981).
The successful isolation of manganese-oxidizing bacteria on the other hand,
and observations of their in vitro activity render their in situ growth more likely
(Ehrlich, 1983),

8.7 DISCUSSION

The term “primary production” can be used for the aerobic chemolithotrophic
fixation of CO, in the deep sea, keeping in mind that free oxygen is a product
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of photosynthesis (Jannasch and Wirsen, 1979). This qualification is not nec-
essary in the case of anaerobic chemosynthesis. The same applies when con-
trasting the “terrestrial” (chemical) source of energy for the support of life at
the deep sea vents with the “solar” energy for the support of life at the con-
tinental and sea surface (Figure 8.9). In this context the term “source of energy”
is applied to an electron donor or reductant, taking into account that a suitable
electron acceptor or oxidant is present for the liberation of the potential energy.
The suitability of the electron donor/acceptor couple determines the amount
of energy released.

Anaerobic chemosynthesis at the vents, e.g., methanogenesis, can truly be
termed a primary production of organic carbon based on terrestrial energy
because both the electron donor, 1-1,, and the electron acceptor, CO,, are of
geothermal origin. However, its actual contribution to organic carbon produc-
tion might be small in comparison to the aerobic chemolithotrophic production
In accordance with the yield of free energy of the oxidations involved:

H, + %CO2 —¢%CH4 + %HZO -8.3 kcal

HS+ 20,S0,”+ H —190.4 kcal

Thermodynamically free oxygen plays the key role in the efficiency of che-
mosynthesis at the deep sea vents. It is derived from photosynthesis and is
commonly present in deep seawater at half-air-saturation values. Its store in
the world’s ocean is enormous when compared to the amounts consumed by
deep sea chemosynthesis. It has been theorized, therefore, that a catastrophic
darkening of the earth’s surface and the resulting temporary obstruction of
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photosynthesis would not necessarily affect the light-independent vent eco-
svstems and would hence give them highest survival chances (Jannasch and
Mottl,1985). Anaerobic chemosynthesis is, of course, entirely independent of
the photosynthetically produced oxygen, but is limited to procaryotic ecosys-
tems. It should be pointed out that the reaction between the two most prevalent
constituents of hydrothermal fluid, I-X5- and CO,, is endergonic:

HS + 2HCO, + H —2"CH,O0” + S0, +4.6 kcal

Any speculation or calculation of a production of free energy by this reaction
at high temperatures and pressures rests on the rather independent problem
of the existence and functioning of biological systems under these conditions
(Jaenicke, 1987).

The predominantly symbiotic chemosynthesis, based upon the oxidations
of H,S as well as CH,, has now also been found in anoxic marine sediments
of nontectonic origin in shallow waters. The detour via the discovery of deep-
sea vents was apparently necessary to detect this metabolic way of life in certain
animals that have been known for a long time (Cavanaugh, 1983; Schmaljo-
hann and Flagel, 1987; Southward, 1982; Giere et al., 1987). No symbiotic
vitrification has yet been demonstrated.

The most surprising characteristic of the chemolithotrophic sustenance of
the copious deep-sea communities is its efficdiency. Considering the point source
of the geothermally provided energy for bacterial growth in the normal food
chain, filter feeding on bacterial cells from the quickly dispersing vent plumes
appears highly wasteful. Evolution overcame this problem by transferring the
chemosynthetic production of organic carbon to a site within the animal where
the electron donor as well as the acceptor are made available with the aid of
the respiratory system. This symbiotic association combines the metabolic ver-
satility of the procaryotes with the genetic and differentiative capabilities of
the eucaryotes and takes advantage of a most direct and efficient transfer of
the chemosynthate to the animal tissue. These transfer processes and the bio-
chemical interactions between the microbial and animal metabolisms are pres-
en tly the focus of research in this area.

In 1965 the eminent ecologist G. E. Hutchinson, as cited by Grassle (1986),
stated—with an admiringly intuitive foresight over a decade before the deep
sea hydrothermal vent ecosystems were discovered: “The internal heat of a
planet, mostly of radioactive origin, in theory would provide an alternative to
incoming radiation though we have little precedent as to how an organism
could use it. ”

My thanks are due to S. J. Molyneaux and J. M. Peterson for help in the preparation of this
manuscript. The work was supported by the National Science Foundation Grants OCE-838631
and OCE-87581. Contribution No. 6642 Of the Woods Hole Oceanographic Institution.
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1. INTRODUCTION

Chemolithoautotrophic bacteria are chemotrophic, they ob-
ram energy from chemical sources: lithotrophic, their chemical
energy source is inorganic; and autotrophic, their source of
cellular carbon isinorganic. Strictly speaking methanotrophic
and methylotrophic bacteria are not autotrophic because their
cellular carbon source ean be organic (a variety of reduced C-
1 compounds) although they are often grouped with the chem-
olithoautowophic bacteria. The chemolithoautotrophic (che-
moautotrophic for short) and methanotrophic symbioses
reviewed here are associations between bacterial symbionts and
marine invertebrate hosts. h appears that the symbionts in all
of the described chemoautotrophic associations use some form
of reduced sulfur as an energy source, although thereisno a
priori reason not to suppose that other types of chemoauto-
wophic symbionts may yet be discovered (for example sym-
bionts that use hydrogen, reduced iron or ammonia as an energy
source are plausible). It must also be noted that since no con-
fined, chemoautotrophic or methanotrophic symbionts have
yet been cultured (although several methylotrophic and auto-
trophic bacteria have been isolated from high dilutions of ho-
mogenates of symbiont-containing invertebrate tissues), '=-
details of their metabolic capabilities are nor currently known
and even the well studied symbionts may only be facultative
chemoautotrophic sulfur oxidizer% with polytrophic capabilities.

When the hydrothermal vent communities were first dis-
covered in 1977 biologists were astounded by the density of
biomass associated with the active vents.” Although early in-
vestigators postulated that these communities might be nour-
ished by high concentrations of surface-derived particulate marter
entrained in the vent plume,’ it soon became apparent that the
source of tbe organic carbon in the vent animals was of local.
chemosynthetic, origin.'"’ Perhaps the most unique animal found
in this ecosystem was the giant tube-worm, Riftia pachyrila.*
Its large size and gutless condition inspired investigators to
look for non-conventional sources of nutrition for this animal.
In 1981 Felbeck® reported on the presence of high activities of
severa enzymes of the Calvin-Benson cycle and bacterial sul-
fur metabolism in the wophosome of R. pachyptila, and Ca-
vanaugh et a. % reported that this tissue was packed with large
numbers of intracellular prokaryotic cells. These two papers-
represented the first demonstration of a chemoautotrophic bac-
terial symbiosis with a marine invertebrate.

« Manuscript for thisanticle accepted in June 19S9.
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Inthe eight years since the first reports of chemoautotrophic
symbioses. a large portion of the literature has been concerned
with the demonstration of other chemoautotrophic and meth -
anotrophic symbioses With marine mvertebrates. Section [1 of
this review critically evaluates the vanous types of evidence
currently being used in the demonstration of chemoautotrophic
symbioses with the aim of giving the reader the background
necessary to separate the “wheat from the chaff in this rapidly
growing body of literature.

In Section Il the marine invertebrate groups containing spe-
cies that are symbiotic with chemoautotrophic bacteria are re-
viewed. In this Section a representative selection of the literature
on these animals is reviewed, although | have concentrated on
ecological, morphological, ultrastructural, and physiological
studies. Details of sulfur metabolism in these hosts and sym-
bionts have recently been reviewed” and are ordy briefly cov-
ered here.

In 1986 the first documented methanotrophic Symbiosis was
reported, '? although the existence of this type of symbiosis had
been postutated virrually since the discovery of sulfur based
chemoautotrophic symbiosis. 13 Literature on the three well-
documented methylotrophic (and in two cases methanotrophic)
symbioses are reviewed in Section 1V. Readers interested in
this type of symbiosis are also refered to Section I11.E. 1.e. for
discussion of some of the other postulated methanotrophic
symbioses.

A.s noted, it was the gutless condition of Riftia pachyprila
that first caused investigators to look for the presence of sym-
biotic chemoautotrophs in this animal. The assumption made
was that.autotrophic symbionts would contribute to the hosts
nutritional carbon needs. Despite the fact that this assumption
is basic to most models of the functioning of these symbioses,
there is little literature that directly addresses this question. In
the last section of this review, that literature, as well as other
work (and lines of reasoning) that indirectly support autritional
ties betrween the host and symbioats are discussed.

IL DEMONSTRATION OF
CHEMOAUTOTROPHIC SYMBIOSES

The first conclusive demonstration of a symbiosis between
chemoautotrophic bacteria and an invertebrate host was in Rif-
tia pachyprila, where Felbeck® found activities of a number of
enzymes diagnostic Of chefoautotrophic bacteria in the tro-
phosome tissue of the giant tube-worm, and Cavanaugh et al. "
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demonstrated appreciable quantities of lipopolysaccharide (a
compound characteristic of the outer cell wall of gram negative
bacteria 1and identified numerous gram negative bacteria in
the same [issue. Since then a large portion of the literature on
this subject has been concerned with demonstrating that similar
associations exist in other animals. A variety of different types
of evidence have been used [0 demonstrate the presence of
chemoautotrophic symbionts in a given host. Each type of
evidence can have its own pitfalls and so must be examined
critically. Furthermore, no one type of evidence is m itself
sufficient to demonstrate the existence of a chemoautotrophic
symbiosis, and therefore the results of at ieast two approaches
(and often more) must be reviewed before definitive conclu-
sions can be reached.

A. Microscopy

The demonstration of the presence of bacteriain significant
numbers. intimatel y associated with a particular host species,
is essential to the demonstration of a chemoautotrophic sym-
biosis. Because of the relatively small size of most chemoau-
towrophic symbionts, truly convincing evidence (for the presence
of prokaryotes) can only be found in eiectron micrographs,
where the prokaryotic nature of the symbionts (including the
gram negative cell wail) can be visualized. Once the symbionts
have been seen and their location in the host tissue identified
by electron microscopy the symbionts can sometimes be vis-
ualized by light microscopy, although examination of light
micrographs alone can be misleading (i.e., Reference i4). A
technique for visualizing chemoautotrophs in homogenates of
host tissue using the light microscope has recently been de-
scribed. ** Although this technique may be useful for **field"”
screening of possible symbioses, it does not distinguish be-
tween bacteria contaminating the surface of a tissue and true
symbionts. Demonstration of the presence of prokaryotic cells
within a host's tissues is of course not alone sufficient to dem-
onstrate achemoautotrophic symbiosis since it does not address
the nature of the bacteria

A variety of other information can also be derived from the
examination of electron micrographs, such as morphological
indications of the taxonomic affinities of the symbionts, '>'¢'*
specific location of the symbionts (see Section II), and some-
times information on the fate of the symbioats within a host
cell (see Section V).

B. Enzyme Activities

Activities of avariety of enzymes have been used to impli-
cate chemoautotrophic bacteria as the symbionts in some as-
sociations. Some of these enzymes are onfy found in autotrophic
organisms and are therefore strong evidence for chemoauto-
trophy, once photoautotrophy has been ruled out. Others are
afso found in some heterotrophic organisms and are therefore
indicative of chemoautotrophic bacteria only when found in
abnormality high activities. The level of activity is especialy
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relevant for anv enzyme when there is a possibility of the
material being contaminated by free living bacteria or algae.
This possibility becomes almost a probability when examining
bivalve galls because of the large microvillar and ciliated sur.
face areas bathed by the ambient sea water. The problem is
compounded by the fact that the reducing environments where
chemoautotrophic symbioses are found are also well suited to
free-living chemoautotrophic microorganisms. Thus, it is not
only the presence of an enzyme activity that is of import, but
aiso the level Of activity of that enzyme.

1. Enzymes of the Calvin Cycle

Ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBPC/
O, EC 4.1. 1.39) catalyses the first reaction in the Calvin-
Benson cycle, the carboxylation of RUBP. h is only found in
autotrophic Organisms {(chemoautotrophic bacteria and pho-
toautotrophs), carbon monoxide-oxidizing bacteria, and atlow
activities in some methylotrophic bacteria. ® Thus, when this
enzyme is demonstrated at substantial activitiesin an organism
from the deep-sea (where photoautotrophy can be ruled out) it
isconvincing evidence for chemoautotrophy. | emphasize sub-
stantial activities because of the potential for contaminating
bacteria on the surface of an animal’s tissues a within an
animal ‘sGI tract. An example of moderate RuBPC/O activities
found in a symbiont-containing bivalve which are not to be
attributable to the major symbiont is art undescribed species of
mussel collected near hydrocarbon seeps on the Louisiana
Stope.! The only intracellular symbiont seen in electron mi-
crographs is a methanotroph and the methanotrophic nature of
this symbiosisis well documented. '22' RuBPC/Q activity was
found in the gills of freshly collected specimens of this mussel
but is apparently not attributable to the methanotrophic sym-
biont since the RuBPC/Q activity does not persist when the
mussel is maintained in captivity (even for only 48 h) although
the methanotroph does.2* Whether this is due to contaminating
bacteria on the surface of the seep mussels’ gills or a second
symbiont is yet to be established, but it nonetheless demon-
strates the danger of drawingconclusions from low or moderate
enzyme activities. Another eazyme of the Calvin-Beason cycle,
ribulose-5-phosphate kinase (EC 2.7.1. 19), has also been dem-
onstrated in the tissues of some chemoautowophic symbioses®>
and is subject to the same considerations as RuBPC/O as a
diagnostic tool.

Cavanaugh et al.® have recently used immunological meth-
ods to demonstrate that the enzyme RuBPC/O is localized
inside the symbionts in the gills of the bivalve Solemya velum.
This study provides some of the most definitive evidence to
date for a symbioses with chemoautotrophic bacteria, because
it combines evidence for the presence of a diagnostic enzyme
with the demonstration of its iocalization in prokaryotic sym-
bioats. Immunological and molecular methods will undoubt-
edly prove useful in the demonstration, and the study, of these
associations.
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2. Enzymes of Sulfur Metabolism

The source of electrons used to fuel chemoautotrophy and
therefore, the tvpe of bacterial symbiont can oftenalso be
Inferred from enzyme activities. The enzyme adenosine-3" -
phosphosulphate reductase (APS reductase, EC 1.8.99.2) cat-
alyzes the reacuon of AMP and sulfite to produce adenosine
phosphosulfate in some autotrophic sulfur bacteria,**** and can
catalyze the reverse reaction in some sulfate reducing bacte-
ria.?® Activity of this enzyme has not been demonstrated in
any other types of organisms and is therefore diagnostic for
the presence of sulfur bacteria. Unfortunately APS reducrase
has only been demonstrated in two species of free-livingsulfur-
oxidizing chemoautotrophs and sulfite oxidation is catalyzed
by other enzymes in orher chemoautotrophs.?” Therefore its
absence is not evidence against chemoautotrophy, and in fact
it has only rarely been demonstrated in chemoautotrophic sym-
bioses. However, when it is found at appreciable activities
along with RuBPC/Q, it is strong evidence for a sulfur based
chemoautotrophic symbiosis.

ATP sulfurylase (EC 2.7.7.4) catalyzes the reversible re-
action of adenosine-phosphosulfate and pyrophosphate to yield
ATP and sulfate. ATP suifurylase is found in a variety of
organisms2-# but has onty been found in high activities in
chemoautotrophic sulfur bacteria® and chemoautotrophic sym-
bioses. Appreciable activities of this enzyme have been dem-
onstrated in symbiont containing tissues of aff chemoautotrophic
symbioses tested. 22243 |n studies with paired symbiont-con-
taining and symbiont-free tissues from the same animals, ATP
sulfurylase has only been detected in the symbiont containing
tissues.”% No activity of this enzyme was found in the gills
of the methanotrophic symbiont-containing hydrocarbon seep
mussel even though it is present in the closely related hydro-
thermal vent mussel, Bathymodiolus thermophilus.* The en-
zyme is quite stable and activity does not decrease even after
several years at - 70°C.*' The assay is a straightforward, spec-
trophotometric assay with a large extinction coefficient and
therefore asong signal.? Therefore, even though this enzyme
is not diagnostic for chemoautotrophic bacteria, it has proven
to be a good indicator for chemoautotrophic symbioses.

Sulfate adenylyl ransferase (ADP) (EC 2.7.7.5) caialyzes
basically the same reaction as ATP sulfurylase but yields ADP
instead of ATP. It is subject to the same considerations as ATP
sulfurylase as a diagnostic tool for chemoautotrophic sym-
bioses. Although Felbeck was unable to demonstrate activity
of this enzyme in trophosome of R. pachypitla® or in the gills
of Calyptogena magnifica, Bathymodiolus thermophilus and
Solemya reidi (pers. comm. H. Felbeck, Scripps Insttute of
Oceanography) other workers have demonstrated activity of
this enzyme in the gills of some lucinid and thyasirid bivalves
and in smaller pogonophorans.?22*-** However, these same
investigators® found Jow activities of this enzyme in symbiont-
free tissues of one of the same bivalves, which compromises
the usefulness of this enzyme as a diagnostic tool.
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Rhodanese (EC 2.8.8.i) has been proposedto catalyze the
cleaving of thiosulfate into sulfite and sulfur in thiobacitlus.*’
It can also catalyze other reacuons and 1s found in a variety
of other organisms at appreciable activities. ** Rhodanese is
therefore of questional significance as an indicator of che-
moautotrophic symbionts. [n fact Cavanaugh ™ found similar
levels of activity of this enzyme in foot ussue (without sym-
bionts) and gill tissue (with chemoautotrophic symbionts) of
the bivalve Solemya velure.

Sulfide oxidase catalyzes the first step in the oxidation of
hydrogen sulfide in a variety of animals. Oxidation of sulfide
can also proceed non-enzymatically when free oxygen is pres-
ent. Sulfide oxidase has been demonstrated in both symbiont-
containing atrd symbiont-free tissues of several species of an-
imals with chemoautotrophic symbionts as well asin the tissues
of some animals from sulfide rich environments which lack
symbionts. }t-3¢.3-: The role of sulfide oxidation in animals
from reducing_environments has recently been extensively re-
viewed '* and 15 only briefly reviewed here. In aniumal dssues
(without symbionts) it bas been proposed to serve a protective
function, by oxidizing toxic sulfide species tothiosulfate. 11 40-4t
In animals with symbionts its role appears much morecomplex.
in some chemoautotrophic symbioses it is found in the sym-
bionts as one would expect.* Sulfide oxidation enzymes lo-
cated on the peripheral tissues of symbiotic species from high
sulfide environments appear to serve the same type of protec-
tive function as similar enzymes in nonsymbiotic species.*
However the recent demonstration of sulfide oxidation coupled
to ATP production in mitochondria from Solemya reidi indi-
cases that animal tissues may derive energetic benefits from
this oxidation as well.** Furthermore, carbon fixatien by the
symbionts of two Solemya species and Bathymodiolus ther-
mophilus is stimulated by thiosulfate (and not sulfide in the
caseof B. thermophilus), and relatively high concentrations of
thiosulfate have been demonstrated in the blood of two spe-
ties.”.’*Taken together these data support the possibility
that thiosulfate is produced in the animal tissues of these sym-
bioses (via sulfide oxidase) and transported in this nontoxic
form to the symbionts where it serves aselectron donor, fueling
chemoautotrophic carbon fixation. In conclusion, sulfide ox-
idase activity is a good indicator of an animal’s exposure to a
reducing environment containing elevated sulfide levels, but
is not areliable indicator of chemoautotrophic symbioses.

3. Enzymes of Inorganic Nitrogen Metabolism

The ability to assimilate inorganic nitrogen sources such as
nitrite or nitrate is restricted to autotrophic organisms. "Nitrate
reductase (EC 1.6.6.1) catalyzes the reduction of nitrate to
nitrite and nitrite reductase (EC 1.7.7.1) catalyzes the for-
mation of ammonia from nitrite. Activity of either of these
enzymes is indicative of the presence of either chemoauto-
trophic or photoautotrophic organisms. Therefore, like the en-
zymes of the Calvin-Beason cyck, significant activity in habitats
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where photoautotrophy can be ruled outs a strong indicator
of chemoautotrophy. If this activity is m a tissue where the
possibility of contamination by free-living autotrophs iSneg-
figible then thisisstrong evidence for the presence of sym-
bionts. Activity of both of these enzymesof nitrogen metabolism
has been demonstrated in the tissues of some animals with
chemoautotrophic Symbionts. #22-47

The ability to fix molecular nitrogen is limited to prokaryotic
organisms. The enzyme responsible for nitrogen fixation, ni-
trogenase (EC 1.'8.6. 1) has not yet been demonstrated in any
chemoautotrophic symbiosis. However. the negative 8 *N val -
ues found in some chemoautotrophic and methanotrophic Sym-
bioses are suggestive of molecular nitrogen as the nitrogen
source for these symbioses (see Section 1. C. 3. ), and work is
currently underway in several laboratories investigating this
possibility. Demonstration of nitrogenase activity would be
strong evidence of a symbiosis with nitrogen-tixiiprokaryotes.

C. Lipopolysaccharide

Lipopolysaccharide (LPS) is a component of the outer cell
wall of g-ram negative bacteria and occurs naturally only in
these bacteria.“® The presence of appreciable levels of this
compound in the tissues of a marine invertebrate is therefore
good evidence for the oceurrence of symbiotic gram negative
bacteria. Assaying for LPS with the Limulus amoebocyte lysate
test®*® is a straight forward spectrophotometric procedure,
which was used by Cavanaugh et d. '® in their origina dem-
onstration of prokaryotic s ymbionts in Riftia pachyptila. It
should be remembered that this test only demonstrates the
presence of gram negative bacteria and does not address their
nature (chemoautotrophic or otherwise), therefore additional
tests such as enzyme assays are necessary before one can con-
clude that the bacteria are in fact chemoautotrophic. Further-
more. the amount of LPS detected in association with a specific
tissue should also be noted (especially in the case of tissues
such as gills which arc in constant contact with the external
environment) so that one can distinguish between large num-
bers of bacteria such as one finds in chemoautotrophic sym-
bioses, and activity due to contamination of the surface of a
tissue. Since most marine bacteria, and all chemoautotrophic
symbionts SO far investigated appear to be gram negative, and
since LPS accounts for arelatively constant proportion ofgram
negative bacterial cell walls, this assay has potential not only
in the demonstration of symbioses, but also for quantitation of
symbiont biomass. In fact, recent work has demonstrated that
this assay is proving quite versatile in that regard with anumber
of different types of marine invertebrate-bacterial symbioses
(personal communication C. Cary, Scripps Institute of
Oceanography).

D. Stable Isotope Ratios
7. Carbon
The stable carbon isotope composition (8**C%o) of animal
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tissues has often been used [0 examine trophic relationships
between organisms since the isotopic fractionation of carbon
between an animal and its feed source isrelatively small,
usually about — 1%e. 3032 Chemoautotrophic Symbioses are well
suited for investigations of this sort because these symbioses
utilize novel sources of carbon (formetazoans), with distinctive
stable carbon isotope composition. Stable carbon isotope ratios
have been used to suggest whether a marine animal’s carbon
source is photoautotrophic (algae usually range from -12 to
- 24%¢ with exceptions as high as - 6%o),%-** chemoauto-
trophic (8'3C = -2310 - 47%s), 6.7.22.34.55.57 OF methanotrophic
(813C < - 40%o), 38 although this distinction does not hold
for an organism utilizing a very heavy source of thermogenic
methane, or a light source of carbon dioxide. Stable carbon
isotope values have afso been used as evidence of carbontrans-
fer between symbiont and host (see Section V). This tool has
aready provided awealth of information on chemoautotrophic
and methanotrophic Ssymbioses, but care must be taken in the
interpretation of these data because many factors affect the
stable isotope composition of animal tissues, particular y in
autotrophic Symbioses.

The stable carbon isotope composition of a sample is usually
expressed relative to the PeeDee belemnite (PDB) standards?
where

88C = {{( *C/C) s (*C/ *Chpppaare] -1} X 10° (%)

Thus a negative number reflects a sample enriched in '*C rel-
ative to the PDB standard and a positive number, a sample
enriched in C relative to the standard.

The reason that $'*C measurements have proven to be useful
in the study of chemoautotropbic symbioses is because the
symbionts preferentially incorporate isotonically light carbon
during chemoautotrophic growth. This is due mainly to sig-
nificant fractionation of stable carbon isotopes by sulfur-oxi-
dizing chemoautotrophicbacteria during the fixation of inorganic
carbon into cellular organic carbon. Ruby et al.* have recently
reported large stable carbon isotope fractionation by cultures
of two species of sulfur-oxidizing bacteria during chemoau-
totrophic growth. In their experiments the 8'C of the cellular
carbon in a strain of Thiomicrospira isolated from the Gaa
pagos hydrothermal vents and Thiobacillus neapolitanus was
depleted by 24.6 and 2S. 1%e, respectively, from their inorganic
carbon source. This isthe only direct measure of carbon isotope
fractionation during chemoautotrophic growth by sulfur-oxi-
dizing bacteria although there is some evidence that other che-
moautotrophic bacteria may fractionate carbon by as much as
30% or more.® Further studies on isotopic fractionation by
free-living chemoautotrophs are needed and will contribute to
our understanding of tbe phenomenon in chemoautotrophic
symbioses.

Although stable isotope data are very useful in the study of
chemoautotrophic symbioses, there are a number of consid-
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erations Which should be kept in mind when evaluating this
type of data. These considerations fall into three basic cate-
gories, Which are interrelated: the carbon source 8'*C, sources
of isotopic fractionation, and carbon limitation.

The&'*C of total dissolved inorganic carbon (2C0Q,)in sea
water is typically around 0% but varies dlightly in different
waters and in the same bodies of water at different times. >
Furthermore, there are quite significant differencesinthe&“C
of 2CO, in the pore water of marine sediments. Spiro et al.
measured the §'*C of pore water £CO, in the sediments of the
Bay of Biscay (1700 m) and found it to be -17.8 £ 3.3%.
Presley and Kaplan’*report similar values for the ZCQ, of
near-shore sulfate-reducing sediments off California. It is prob-
able thar similar depleted values will be found in pore waters
of the sediments in many of the environments where che-
moautotrophic symbioses occur, particularly when those pore
waters contain dissolved methane (see SectionIIl. E. 1 e)). This
variation of §**C of inorganic carbon in different environments
will be reflected in the 8!3C of the tissues of chemoautowophic
organisms and symbioses from these environments.

In order to determine the isotopic fractionation between an
inorganic carbon source and the organic carbon of art animal’s
tissue it is necessary to know what the inorganic carbon source
is(CO, or HCO,') aswell astbe 8"*C of that inorganic carbon
source. The 8*C values of the two probable inorganic carbon
sources for chemoautotrophy, CO, and HCO,, are not equal
in a given body of water. This variation ranges from 9.2 to
6.8% over the temperature range of O so 30°C, with CO, being
the more negative, due to discrimination during equilibration
between CO, and HCO,.* The species of inorganic carbon
taken up by invertebrates widr chemoautotrophic symbionts
has not been determined and may well vary in different species.
It is well documented that CO, is the species freed by RuBPC/
Ointhe Calvin cycle, but as that enzyme is found within the
cytoplasm of a bacterial cell (which in the case of most of the
symbioses discussed here islocated inside a vacuole within a
host cell) the inorganic carbon must first be taken up through
at least two membranes. If CO, isthe species taken up from
sea water then diffusion across the unstirred layer of water
immediately adjacent to the site of uptake would pfay arole
indiscrimination against '*C, which could be as great as - 11%o
(see Smith and Walker* for an extensive treatment of this
subject). Furthermore local depletion of CO, would affect the
isotopic equilibrium between CO, and HCO, x If HCO, is
the species used then diffusive limitation might stilt affect the
isotopic composition of the bicarbonate reaching the site of
uptake where one would expect a further discrimination since
this charged species would presumably be actively transported
acrossthe host cell membrane.” This effect is compounded in
symbiotic associations where the inorganic carbon must often
pass through several membranes and diffuse through appre-
ciable cytoplasm before reaching the site of fixation. Therefore,
even if the carbon species taken up by the association, and the
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§"C of that species is known, there are other intermediate steps
during incorporation of the inorganic carbon thatcan affect the
final &'3C of the animal’s tissues.

Once the inorganic carbon reaches the site of fixation there
are additional factors which will affect the level of discrimi-
nation at this key point. Different carbon fixing enzymes dis-
criminate to different degrees. and the primary carbon fixing
enzyme must be known for adequate interpretation of isotopic
data. [t has been suggested that the initial carbon fixation step
is not by RuBPC/O in both Riftia pachyptila and Lucinoma
aequizonatra, but rather that inorganic carbon is incorporated
by the animal (not the symbioats) into four carbon compounds
which are ultimately decarboxylated and the CO, refixed by
the symbionts through the Calvin cycie in a manner analagous
to C4 planers.* ' *

Temperature can also affect isotopic discrimination at the
level of carbon fixation. Higher temperatures reduce the dis-
crimination of RuBPC/Q against *C.%-™ This point should be
considered when comparing animals from different habitats,
especially when hydrothermal vent organisms are compared to
their other deepwater relatives.

Enzymatic isotopic discrimination is also directly affected
by substrate availability. In fact discrimination will only occur
if asubstrate is not limiting, because under conditions of sub-
strate limitation the majority of that substrate will be consumed
(subject of course to the K, of the enzyme for that substrate).
This has been confirmed for RuBPC/O and phosphoenol-py-
ruvate carboxylase (PEP carboxylase) by Bexry and Troughton™
who found no isotopic descriminati on by either C-3 or C-4
plants when grown under conditions of carbon limitation (in
closed containers).

One result of ail of the above variables is that similar 8*C
values cart be found in different species due to dissimilar
isotopic discrimination events. One example of this is the
two vety different symbioses, the alvinellid polychaete Advi-
nella pompejana (8C = -9.6 to - 11.2%¢) and Rifiia pa-
chyptila (°C = —9.0 o - 13.3%), both from hvdrothermal
vents. 7 The relatively heavy values for Riftia pachyptila
have been attributed to substrate limitation of the intracellular
symbionts for inorganic carbon,” a situation which is unlikely
for the epibiotic symbionts of the alvenellids. bother example
is certainly the methanotrophic mytilid from the Louisiana Slope
(8C = -40.1 to - 57.6%¢),* the pogonophores, Siboglinum
atlanticum and S. ekmani, from Norwegian Fjords and the Bay
of Biscay (8'*C = -44.6 to - 45.8%«),* and the vestimen-
tiferan with chemoautotrophic symbionts, Escarpia laminata,
from the Florida Escarpment site (8'*C = - 42 to - 47%o).%"-*

Another result of the many factors affecting the stable iso-
topic composition of an animal isthat one can expect to find
arange of $'*C values in similar or identical chemoautotrophic
symbioses from diffareat environments. A dramatic example
of this are the 8'*C values repotted for vestimentiferans (with
chemoautotrophic sulfide oxidizing symbionts) from different
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environments, Hydrothermal vent vestimentiferand' ‘C vaues
range from — 9.0 to -15.0%¢**-*"¢ and the 3' ‘C values re-
ported for vestimentiferans from the Louisiana Slope and the
Florida Escarpment are all less than - 27%e. ™" In fact. with
the orgamsms from the Louisiana slope. where the most §'*C
determinations have been made. there is a relauvely wide range
of 8"*C values within a given species. §'*C of soft tissues (not
tubes or shells) of the lucinid Pseudomiithasp. ranged from
—30.9to - 37.7"%, of the methanotrophic mussel from -40. |
to -57.6. and of the vestimentiferan Lamellibrachia sp. from
-27.0 to -43.2%ec.* This variation in §**C within a species
may reflect a larger habitat diversity (with respect to both
sulfide concentrations and the 8'*C of inorganic carbon) at the
Louisiana Slope than in other habitats where these symbioses
are found, but is also areflection of the larger number of §*C
determinations from this site.

Y et another possible pitfall in the use of isotopic evidence
for the demonstration of a chemoautotrophic symbiosisis that
an animal which feeds on a chemosynthetic organic carbon
source will have atissue§*>C which reflects that carbon source,
even though that animal is not itself chemoautorrophic. One
exampie is the polynoid scale worm, Branchipolynoe sym-
mytilida, which is commensal with the hydrothermal vent mus-
sdl, Bathymodiolus thermophilus. The polychaete apparently
does not contain symbiotic chemoautotrophs but its tissue 8'*C
(—33.0 to -37.8%) reflects the §'3C of its host mussdl (-32.4
t0 — 36.0%0).** Other apparent examples of this are the pred-
atory neogastropod from the Louisiana Slope, with tissue 8"*C
as low as -32. 8% in individuals collected from the vicinity
of active seeps ,” and a trochid gastropod from the Florida
Escarpment site (8*C = - 59.7%)."

In concession, evidence based on stable carbon isotopic com-
position while suggestive, is by itself insufficient for the dem-
onstration of a chemoautotrophic symbiosis, and all possible
sources of fractionation must be considered when making phys-
iological and biochemical conclusions or comparisons based
on this type of data alone.

2. Nitrogen Isotopes

Like carbon, stable nitrogen isotope ratios (8'*N%e) have
been used to indicate sources of nitrogen and trophic relation-
ships between organisms. The stable nitrogen isotope com-
position of asampleis conventionally expressed relative to air,
where

BUN = {[(SN/N)pead (PN/HN), ] -1} X 103(%0)

Typica marine values in biological samples range from 5 to
15%.. Substantially lower 8'*N values have been reported for
animals with chemoautotrophic and methanotrophic sym-
bionts. Reported 5'*N values for the hydrothermal-vent species
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Riftia pachvptila, Calxpiogena magnifica, and Bathymodiolus
thermophilus are 0,04 t0 5.2%ec.2.110 4. 9%, and -8.7 10
+ 6.8%0, respectively .**-"*-""* The §'*N values of chemosyn-
thetic and methanotrophic symbioses from the Florida escarp-
ment range from -9.34 to -2.72%." and similar animals
from the L ouisiana Slope are also quite depleted m N (-12.9
t0 7. 1%0).* These low &'*N values are possibly due to assim-
ilation of isotopically light nitrate or ammonium by the sym-
bionts or, in the case of the very negative values, perhaps
fixation Of N,;3-4374.7%81 however. N, fixation by a chemoau-
torophic or methanotrophic symbiont has not yet been dem-
onstrated. Whatever the source of the low 8N values, the
correlation of these values with chemoautotrophic and meth-
anotrophic symbioses indicates that stable nitrogen isotopes
may also be useful indicators of these symbioses, subject to
many of the same types of constraints outlined earlier for carbon

isotopes.

3. Stable Sulfur Isotopes

The isotopic sulfur composition (8*S) of reduced sulfur in
an animal’ s tissues is related to the source of the sulfur. The
stable sulfur isotope composition of a sample is conventionally
expressed relative to sulfur in Canyon Diable troilite®? (ctd
standard), where

548 = {[(*S/7S)mrea (#SP3S) oy sunsars) - 1} x 10’ (%o)

Organic sulfur. derived from assimilatory reduction of sea-water
sulfate reflects the 88 of the sulfate, asthere isline discrim-

ination associated with this process.*-* Similarly, there is ap-

parently little discrimination of sulfur isotopes associated with

heterotrophic processes. % The largest reported biological iso-

topic discrimination is associated with microbial reduction of
sulfate to sulfide and can be on the order of - 50%e, although
the magnitude of discrimination associated with this processis

affected by a number of variables (see Chambers and Trudinger®

for review). On the other hand thereis very little fractionation
associated with abiotic sulfide production (thermal decompo-

sition of organic matter). The 8*S of sulfide is therefore quite
variable in the marine environment. Since thed*$ of the tissues
of animals with chemoautotrophic symbionts seems to reflect
the 88 of their sulfide source,** this measurement can be
used to infer the origin of the sulfide oxidized by the sym-
bionts.*-*" This observation is especially clear cut when the
§*S of the elemental sulfur (derived solely from symbiont
sulfide oxidation) in the animals tissue is analyzed. = However,
animals with symbioats are not the only animals that can ox-
idize sulfide” and animals without symbionts from high sulfide
environments may also have §*S values that reflect the 8*S
of sulfide from that environment.**’ Therefore, because of
the variability of the end membersin the marine environment,
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and the fact that animals without symbionis can also oxidize
sulfide. %5 values of anima tissues are of little useinthe
demonstration of chemoautotrophic Symbioses.

E. Elemental Sulfur

The presence of elemental sulfur has been demonstrated
either analytically or inferred visually for a large num-
ber of animals which contain chemoautotrophic sym-
bionts, 1!-32-34-37.44.74.7.8.89 Flemental sulfur has also been found
associated with a variety of free-living sulfide oxidizing che-
moautotrophic bacteria % It has been suggested that elemen-
wl sulfur may serve as areserve energy source for thesymbionts
in some chemoautotrophic Symbioses.” Regardless of whether
elementat sulfur serves an energy storage function, is aresult
of sulfide detoxification, or is a byproduct of sulfide oxidation
by the symbionts, its presence has been demonstrated or in-
ferred in so many associations that it must be considered a
good indicator for chemoautotrophic symbioses. However, the
presence of elemental sulfur is not sufficient for the demon-
stration of a chemoautotrophic Symbioses because it has aiso
been found in the body wall of some * *thiobiotic’* worms .%*
The absence of elemental sulfur should not be considered neg-
ative evidence for a chemoautotrophic symbiosis because its
presence is variable and dependent on the physiological state
of symbionts. 115437.74.29.2.5.91 355

F. Animal and Tissue Physiology

As investigations of these symbioses progress, physiological
studies are providing some of the most conclusive demonstra-
tions of functioning chemoautotrophic symbioses. Examples
of this type of work are experiments that demonstrate stimu-
lation of carbon fixation, in live animals or tissues, by areduced
sulfur compound, 4?56 experiments whi ch demonstrate net
uptake of inorganic carbon in the presence of reduced sulfus
compounds,* and experiments which demonstrate growth of
symbiont-containing animals provided with only bacterial car-
bon and energy sources. "These studies are reviewed in the
appropriate sections on the different host groups.

G. Host Anatomy and Habitat

The gross anatomy of the host is not direct evidence for or
against the presence of a chemoautotrophic symbiosis, but the
host anatomy (i.e., lack of a gut, hypertrophied gills, reduction
in particulate feeding ability, etc. ) often suggests the presence
of some kind of anutriive symbiosis. Similarily, the hosts are
often limited to habitats where the substrates necessary for
chemoautotrophy are present, suggesting a dependence on these
substrates. These arguments are detailed in the section on cur-
rent evidence for nutritional exchange (Section V) and are only
mentioned here because rhe same arguments have been used
to support the existence of some chemoautotrophic Symbioses.
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. HOSTS

The taxonomic range Of invertebrate hosts harboring. che-
moautotrophic bactenal symbionts iS proving ta be quite wide
All members of two phyla (Vestimenufera and Pogonophora)
are thought to harbor chemoautotrophic symbionts. as are all
members Of three families of the Mollusca (Lucinidae. Sole-
myidae, and Vesicomyidae) and one sub-family of the An-
nelida (Phallodrilinae). Chemoautotrophic Symbioses have aso
been demonstrated in two other phyla of worms and three
additional molluscan families. The wide variety of hosts to
chemoautotrophic symbionts al have one feature in common:
they must provide their symbionts with the substrates necessary
for chemosynthesis, art electron donor. an electron acceptor.
and asource of carbon. For most of the symbioses 1 review
here the electron donor is a reduced sulfur species, either hy-
drogen sulfide or thiosulfate, the electron acceptor is oxygen
and the carbon source is carbon dioxide or bicarbonate. Be-
cause sulfide is both toxic to aerobic respiration and rapidly
disappears in the presence of oxygen, the animal’s role in
providing their symbionts with both reduced sulfur species and
oxygen is often quite complex. In the following section, |
review the pertinent facts concerning the current evidence for
chemoautotrophic symbioses in the different groups of inver-
tebrates, the host’ s habits and rttorphol ogies, the ultrastructure
of the symbioses and symbionts, and the physiology of the
symbioses.

A. Vestimentifera

As mentioned, the first described symbiotic association be-
tween chemoautotrophic symbionts and an animal host was
Riftia pachyprila, she giant hydrothermal vent tube-worm. Al-
though when this animal was first described it was placed in
the subphylum Obturata in the phylum Pogonophora,? the Ves-
timentifera are currently coasidered by Jones to constitute a
phylum, 1o Similarly, Mané-Garzén and Montero'?' have
proposed that the obturate pogonophores deserved their own
phylum and proposed the phylum Meaorteurophora, although
Phylum Vestimentifera apparently has precedence. '* South-
ward on the other hand continues to consider the Obturata a
sub-phylum of the Pogonopbora. based on anatomical simi-
larities and new development evidence. '**'**| follow the
taxonomy of Jones® in this review.

The Vestimentifera are all found in habitats characterized
by active venting or seepage of pore waters (Table!). The

-reasons for this restricted habitat may be explained by the

animal’s anatomy. Unlike bivalves or the smaller Pogonophora
and annilids, the symbionts in the Vestimentifera are Situated
deep in the interior of arelatively large animal with no close
connection to the outside environment. Therefore, the supply
of all nutrients to the endosymbiotic bacteria must be by way
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Table 1
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Vestimentifera; Collection Sites and Evidence of Chemoautotrophic Symbionts

Species Location

Vestimentifera
Axonobranchia
Riftiida
Riftiidae
Rifiia pachypula Jones
Basibranchia
Lamellibrachiida
Escarpiidae

Assorted H. T. V.

Enzymes 81C (%<} EM °S Ref.

Ru,R,Ar,As ‘9010 -133 + + 9.10, 74, 105

E. laminata Jones FloridaEscarpment Ru, As -4210 -47 + 55.75
Escarpia spicata Jones San Diego Trough Ru. As + 1731
Undescribed genus Louisiana Slope Ru. As, Ar -30.4s0 -41 + + 34
Lamellibrachiidae
Lamellibrachia barhami Webb San Diego Trough Ru. As + 31.36
Oregon Sub. Zone -31.9 59
L. {uymesi van der Land and Nerrevang  Guyana Shelf 106
L. victori Mafé-Garzon and Montero  C0aSt of Uruguay 101°
L. sp.(maybe L. luymesi) Louisiana Slope Ru, Ax. Ar -2710 -37.4 +  + 34
Tevniida
Ridgeiidae
Ridgeia phaeophiale Jones Endeavour Seg. of JFR - 107, 108
R. piscesae JONES Axial Seamount, Explorer and Southern + 107.108
JFR
R. sp.(*'small ") Explorer Ridge + 107
R. 5p, (“‘ring"") Southern JFR - 107, 108
Tevniidae ¢
Tevnia jerichonana Jones East Pacific Rise, 13°N -910-15 76
Oasisia alvinge Jones East Pacific Rise. 13°N,21°N 99

Nore: Abbreviations: HTV-hydrothermal vents; JFR-Juan ds Fucz Ridge: Ru-Ribulose BisPhosphate carboxylase/oxygenase; R-Ribulose 5 Kinase: As-ATP
sulfurylase; Ar-APS reductase. Em-symbionts visuatized by electron microscopy °S - Appreciable elemental sulfur present in trophosome
Authors indicate that symbionts am not bacteria but algae os algal spores, based only on light micrographs (?)

Taxonomy according so jones™'®

of the blood, which contains an abundant hemoglobin that binds
troth oxygen and sulfide simultaneously and reversibly. 1112
Also unlike most other animals with eadosymbiotic chemoau-
totrophs, the Vestimentifera are presumably immobile once
they have settled. The vestimentiferans must, therefore, be
exposed to both sulfide and oxygen simultaneously. As sulfide
and oxygen do not persist what hods are present in a static
environment the wubewerms must live in an environment where
sulfide and oxygen arc constantly being supplied, or form a
living bridge between reduced and oxic environments. Riftia
pachyptila, which is only found in areas with actively venting
hydrothermal fluid, lives with its plume exposed to mixed vent
and ambient water,!> and appareatly takes Up both sulfide
arid oxygen across its plume surface. *#!! This would seem
to be the case with other hydrothermal-vent vestimentifersns
considering their habitats, but may not be the case with sores
of the seep vestimentferans. |nvestigators working with ves-
timentiferans associated with hydrocarbon seeps on the Loui-
siana Slope of the Gulf of Mexico"have been unable to detect

sulfide around theirplumes at most sites and the highest con-
centration of sulfide detected near their plumeswas 3 P.M."”
It is possible that these worms are taking up sulfide across their
tube walls since they are often buried by over 1 m of reduced
sediments.

The general body plan of the Vestimeatifera, as typified by
Riftia pachyptila, is shown inFigure 1. The following ana
tomical description of the Vestimentifera is taken from
Jones,%9-100.195 Vestimentifera have no mouth, gut, or anus.
There are four easily recognized body regions in the Vest-
mentifera: at the anterior end of the worm is the obturacuiar
region which consists of a central supporting structure, the
obturaculum, and the branchial plume, which is highly vas-
cularized and functions as a gas-exchange organ. Posterior to
the plumsis a muscular region, termed the vestimental region,
that serves both to anchor the animal inits tube when the plume
is extended and to secrete the tube as tbc animal grows. The
worm’s brain is located in the anterior part of the vestimental
region and the paired genital pores of both sexes are located
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FIGURE 1. Schematic drawings of Riftia pachyptila showing major body
regions and gross vascularization. Insertat right shows “‘bode brush”’ ar-
rangement Of capillaries found in each lobule Of the rophosome. The beart iS
located ON the dorsal vessel. (Drawings by R. E. Kochevar.)

on the dorsal surfacein thisregion. Behind the vestimentum
is a region which makes up the bulk of the worm, the trunk.
The trunk tapers from the anterior to the posterior end of the
worm in all described speciesof Vestirrtentifera except R. pa-
chyptila. Inside the trunk is a pair of coelomic cavitiesseparated
by medial mesenteries. Between meseateries, and running the
length of the trunk, are gonads and the trophosome. The term
trophosome was originally suggested becayse it was thougg_t
to nourish the gonads*¢ and has proved to be even more
propriate than the original authorsimagined. In R. packyptila
the trophosome accounts for 15.3 = 4.9% (SE, n = 11) of
the animal’ s wet weight. '** It isnow known that the trophosome
consists primarily of symbiont-containing bacteriocytes, as-
sociated cells, attd blood vessels. the ultrastructure of which
is derailed next (Figure 2). At the posterior end of the worm
isa short region, termed the opisthosome, which apparently
serves to anchor the base of the worm to its tube and, in R.
pachyptila, to secrete basal partitions inside the tube. The tube
off?. pachypiila is composed of a chitin proteoigiycan/protein
complex*!” and surrounds the animal up to the top of the ves-
timentum. The worm is able to withdraw completely into the
tube at will.

The ultrastructure of the trophosome of Riftia pachyptiia has
been described by several investigators. Jones " described the
circulatory system and details the vascularization of the tro-
phosome, which is summarized in the following. Both Bosch
and Grassé' '*!** and Hand™ describe the ultrastructure of the
lobules of the trophosome with emphasis on the disposition
and ulwastructure of the symbioats and the possible roles of
the outer, symbiont-free cells of the trophosome lobules, The
following discussion draws heavily on their observations as
well as my own, and while it deals specifically with R. pa-
chyptila the points are generally true for the other vestimen-
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FIGURE 2 estimemiferan rophosome. (A) Rifria pachypula. L.Qw msg.
nification electron micrograph of a section of a trophosome lobule. [aner
portion of lobule in lower left of micrograph. Presumed site of extracted
elemental sulfur visable as empty vacuoles in many of the symbiotic bacteria.
Several symbioats indicated by arrows. **Trophotheca™ comprises the upper
right half Of the micrograph. (B) Riftia pachyprila. Higher magnification mi-
crograph of wophochrome cell, with a few bacteria (b) visable in lower right
corners Of micrograph. (C) Unidentified hydrocarbon-seep Escarpid. Low mag-
nification clectron micrograph of a portion of a ropbosome lobule. Although
fixation was oot excellent, the size gradient of symbioats from the middle of
2 lobule (i lower right quadrant) 1o the edge of the lobule is evident A
tropbochrome cell is visable in the upper left comer. Several bacteria are
indicated by arrows, and a bacteriocyte nucleus by.. (Figures (2A) and (B)
from Sised.”)

tiferans which have been examined'¢-'°* (and personal
observation of two species from the Louisiana Slope).
Trophosome tissue is a fragile tissue of gelatinous consist-
ency which is composed of numerous well vascularized lob-
ules, each about 0.15 mm in diameter.™'® As noted. the
chemosynthetic substrates (H,S, 0,, and CO,) required by the
symbionts in the trophosome must be transported through the
host. The most likely avenue for this is through the animal’s
vascular circulatory system (Figure 1). '** The vascular hemo-
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globin binds sulfide “and oxvgen with highaffinity simulta-
neousiv and reversibly 111012 gy ifide- and oxygen-laden
blood. fresh from the branchial plume passes into the trunk
region via [he ventral vessel. Blood passes from the ventral
vessel through the afferent trophosomal vessels which ramify
over the surface of the trophosomal lobules. From these vessels
numerous capillaries arise which carry the blood into the center
of the lobules where a single efferent trophosomal vessel runs
the length of each lobule. Efferent vessels from different lob-
ules come together and eventually join to either a blood plexus
in the mesentery between the mesenterial and dorsal vessels
or directly to the mesenterial vessel “itself. The mesenterial
vessel in turn is connected to the dorsal vessel where the blood
flows back to the plume of the worm. The result of thisis a
high degree of vascularization throughout the trophosome so
that the bacteria in the wophosome are all in a position to be
well-supplied with nutrients and substrates transported by the
blood. In fact, vestimentiferan blood appears to contribute to
the creation of an environment in the trophosome with large
pools of sulfide present at low activity, an environment that
allows quite high rates of chemoautotrophic carbon fixation.*?
Conversely, the products of either bacterial translocation or
digestion can be readily transported to other host tissues from
the wophosome, via the vascular blood.

As noted, sulfide is rarely detectable (<3 pM) around the
plumes of the hydrocarbon seep vestimentiferans in situ.”s The
highest level of sulfide that has been detected in the bicod of
freshly collected seep vestirnentiferans is 147 uM,'2 which
corresponds to free (unbound) sulfide concentrations in the
blood below 1 uM.%" They could, therefore, acquire sulfide
across their pl ume from very low environmental concentrations
(in an equilibrum situation at low sulfide concentrations. free
sulfide in their blood will approximate the environmental con-
centration) or take it up across their tube and body wall. If
sulfide were taken up across the tube and body wall of these
species, it would be bound by the coelomic fluid which has
properties similar to the vascular blood. '*? Childress et of . !'*
have demonstrated that sulfide, ZCO, and pH arein equilib-
rnum in the two fluids (vascular blood and coelomic fluid),
suggesting ready exchange between the two fluid compart-
ments. Sulfide in the coetomic fluid could, therefore, be trans-
fered to the vascular blood for transport to the symbionts in
the trophosome. In this proposed scenario the role of the vas-
cular blood would be basically the same as the role described,
with the only difference being the site of uptake of sulfide.

Trophosome |obules have a complex but well-defined struc-
ture.™-198-113-11% The central portion of alobule is occupied by
bacteriocytes (cells which contain bacteria). The appearance
of the bacterial symbionts and the bacteriocytes changes from
the interior to the exterior of alobule. Hand* noted an increase
in average size of the symbionts of i?. pachyptila outwards
from the interior of alobule. This is true not only for Riftia
pachyptila, but also for several species of vestimentiferans
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from the Juan De FucaRidge'™ and for two species of vests-
mentiferans from the Loutstana Slope ( personal observation,
Figure 2). DeBurgh™ also notes an anteriorto posterior size
gradient of symbionts within the trophosome of several species
from the Juan de Fuca Ridge hydrothermnal vents, and Powell
and Somero* found antenor-postenor gradients of enzymatic
activity in R. pachyptila trophosome . Distel et al.'® analyzed
the 16S RNA of two individual R. pachypiila and concluded
that one species of symbiont accounted for >90% of the | 6s
RNA in each (< 10% of a unique 16S RNA would not be
detectable by their methods), and that the two individuals con-
tained the same species of symbiont. The symbionts within a
single species of vestimentifetan can range in diameter from
1to 9 pm.'” The possibility that the size gradieats within
lobules are due to some interaction with the host (and not
unique to a specific symbiont) is suggested by the morpholog-
ical dissimilarity of the symbiontsin different vestimentiferan
species (Figure 3). Based on morphology, there are three dif-
ferent symbiontsin the Juan de Fuca worms (one of which is
similar to the symbiont in Riftia pachyptila),'® and a fourth
symbiont in Louisiana Slope vestimentiferans {(personal ob-
servation, Figure 3). Inall of these associationsthemisthe

FIGURE 3. Vestimentiferan symbionts. (A) Ridges phacophiale. **small
symbiont"* Of de Burgh aal.’- (B) Ridgea piscesae Typical symbiont form.
Ranges in size from 0.6 S0 10 um in diameter. Riftia pachypiila symbionts.
(C) Large symbionts from periphery of lobule. (D) Small symbionts from
central region of same lobule. (Micrographs in Figures 3(A) and (B) were
prepared by M, de Burgh and C. Singla.)
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same basic spatal arrangement Of small and large symbionts
within @single lobule. Whether this is due 10 a metabolic
gradient as suggested bvHand™ or “developmental stages™
of the symbionts as suggested by Bosch and Grassé,'" the
presence of this phenomenon in diverse vestimentiferans and
their symbionts suggest that1t is due to a considerable degree
of integration between the symbiotic partners.

other aspects of the “developmental stages** have been noted.
Hand* observed that the amount of elemental sulfur deposits
in the symbionts decreases with distance from the center of the
lobule, and Bosch and Grassé!'onotethe degeneration of the
symbionts towards the margin of a lobule. The French authors
go a step further and describe four stages in the “evolution’
of the bacteriocytes from infection (in the center of a lobule)
to the eventual digestion of the entire bacteriocyte towards the
margin of the lobule. In the first stage the bacteria divide in
cells in the center of alobule. In the stage two bacteriocytes
both the bacteria and the bacteriocytes grow and are apparently
‘*healthy. ” In the third stage, bacterial lysis occurs and there
are numerous degenerate bacteria and pseudomyelinic bodies
in the bacteria. In thefourth stage all that remains of the bacteria
are**myelin-like bodies. " {concentric membranes inside a vac-
uole), and the bacteriocytes, themselves, degrade. This last
stage occurs just inside the perifery of the lobule. DeBurgh et
al. "% report observations of bacterial degradation similar to
those reported by Bosch and Grassé' “.’19 but question their
interpretation, suggesting that bacterial digestion may not be
quantitatively important to the host and may only represent
“cellular housekeeping’” within the trophosome.

The externa surface of the lobule is covered by cells that
do not contain bacteria. Thisis termed the “‘trophotheca’” by
Bosch and Grassé''**** and the outermost layer of celis are
called * ‘trophochrome cells™” by Hand*™ (Figure 2). The inner
layer of the rophotheca consists of metabolically active, non-
bacteriocyte cells, which have been suggested to function in
the assimilation of the products of bacterial degeneration
(digestion). The outer layer (trophochrome cells) is tightly
packedwith at least three types of membrane-bound inclusions
that can be recognized with TEM (Figure 2b). The function of
these calls and the identity of the inclusions have not been
determined. Hand notes the similarity of one type of inclusion
to mucus droplets found in goblet cells of intestinal epithelia,
and speculates that “the highly organized crystalline arrays of
material” in the most osmophilic granules may be protein-
aceous. Bosch and Grassé suggest that these cells may serve
an “‘excretory function” and that the granules are probably
1 ysosomes and contain waste products. Considering the prob-
able function of the trophosome, i.e., to supply nutritive carbon
to the rest of the animal, I would suggest the possibility that
the membrane-bound inclusions in these cells (which are im-
mediately adjacent to ceils in which bacteria are apparently
being digested) may also contain products of bacterial digestion
or translocation which are subsequently mobilized by the host.
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[t 1s interesting to note that the functional morphology or
the trophosome has caused tw 0 invesnhigators (0 suggest that
the blood flow 1s from [he intenior of a lobule outward {the
oppostte ot what Jones suggests) Bosch and Grassé ' suggest
that the trophotneca s m contact wrth efferent blood vessels.
presumably carmying the products of bactenal digestion to the
am mal. Hand* suggests that a gradient of access to sul fur
compounds may be the cause of the variation in the occurrence
of elemental sulfur deposits in the symbionts. This suggests
higher concentrations of sulfide in the interior of alobule (ad.
jacent to the efferent vessels) than in the exterior of alobule.
asituation which one would expect to recur only if the blood
flow is from inside to out. These apparent contradictions are
areflection of the fact that the study of this unique tissue has
only just begun and further work is required before its func-
tiona morphology can be inferred with a high degree of
confidence.

Symbiotic chemoautotrophic bacteria have been demon-
strated in all of the Vestimentifera which have been examined
to date for their presence. Considering the worms' anatomy,
blood properties, and the level of integration between the sym-
biont and the hosts in the studied species. it seems safe to
assume that all vestimentifera will be found to harbor che-
mosynthetic symbioats in their trophosome. Table ! presents

dte taxonomy of the described Vestimentifera (following Jones™)

along with the location from which they have been collected
and current evidence for the presence of symbiotic chemoau-
totrophs inr these animals. In addition to the species shown in
the table there are several other undescribed species, (personal
communication, M. L. Jones, Smithsonian institute). The bac-
terial volume in the trophosome of Riftia pachyptila has been
calculated to be between 15 and 35% of the total volume of
the trophosome. *° The levels of RuB PC/O found in vestimen-
tiferan trophosome are the highest levels measured in any che-
moautotrophic symbiosis.®*-* Similarly, the amount of
elemental sulfur in rophosome tissue is often very high. Brooks
et al. * reports as much as 6.1 % of the wet weight of Lamel-
librachia sp. trophosome is elemental sulfur and levels as high
as 10.3% of wet weight have been measured in samples of R.
pachyprila wophosome.™

In addition to the evidence summarized in Table 1, avariety
of experiments have been conducted with trophosome homog-
enates (containing intact symbionts) that confirm the che-
moautotrophic nature of the symbionts in Rifria pachyptila and
the vestimentiferans from the Louisiana siope. Fisher and
Childress*?* documented sulfide consumption by the tropho-
some preparations from R. pachyptita. Powell and Somero*
have found ATP production to be stimulated by sulfide in cell-
free trophosome preparations. Belkin €t al.** demonstrated drat
sulfide, but not thiosuifate, will stimulate carbon fixation in
R. pachypriia trophosome homogenates, a fact that has been
confirmed in our laboratory (Fisher and Childless). Sulfide
stimulation of autowrophic carbon fixation by several orders of
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magnitude has recent] y been demonstrated withtrophosome
preparations from another vestimentiferan (anundescribed spe-
cies of escarpiid) using homogenates prepared microaerobically
and incubated in dilute vestimentiferan blood ¥’

The §'*C values reported for vestimentifans vary consider-
ably in different spectes, as well as within a single species.
Values ranging from — 27 [0 - 43.29%0 for different individuals
of Lamellibrachia sp. and -30.4 to -41 .0%. for individuals
in an undescribed genus of escarpiid have been reported in
animals collected from hydrocarbon seep areas in the Gulf of

* Mexico. * Individuals of Escarpia laminara from the Florida
Escarpment cold seep communities range in §3C from -42
to - 475%. .”*This variation may reflect a variation in the end
member & *C of their inorganic carbon source, different ages,
and/er different growth rates, among other possibilities. What-
ever the cause of the variation between individuals of these
species, thesevalues are in the range we have come to expect
from chemoautotrophic symbioses. The organic carbon in Rif-
ria pachyptila on the other hand is consistently much heavier
than other chemoautotrophic associations. Rau’ published the
first §°C values for this animal and others have since confirmed
the range of -9 to - 13.3% for tissues of R. pachyptila. ™
The reason for these heavy values in Riftia pachyptila has o ever
been adequately demonstrated but there are two plausible and
related theories which could account for this. One hypothesis
was put forward by Felbeck,®” who determined that the first
products of inorganic carbon fixation by intact animals were
the C-4 compounds succinate and malate which are produced
in the plume. He also found appreciable decarboxylation of
malate in the trophosome. Based on these data and the pub-
lished 8'>C values, he (cautiously) postulated that Riftia pa-
chyptila may function like a C-4 plant, with the primary fixation
of inorganic carbon occuring at the site of uprake, into C-4
compounds that are then transported via the circulatory system
to the trophosome where they are decarboxylated and the CO,
is refixed by the Calvin-Bensoa cycle. If the bacteria fix all
of the inorganic carbon that reaches the trophosome, then the
only isotopic discrimination of carbonshould occur before and
during the initial fixation step in the plume, and like a C-4
plant, the stable carbon isotopic signature would be heavier
than if carboxylation by RuBPC/O were the primary fixation
step. A second hypothesis which would also account for the
heavier &'C values is that Riftia pachyptila symbionts are
carbon limited and, therefore, fix virtually all of the inorganic
carbon supplied to them. 737 This would result in little, or
no, isotopic discrimination at this carbon fixation step. This
hypothesis is supported by the high bacteria volumes in Riftia
pachyptila, its large size, its high chemoautotrophic potential
(as evidenced by RuBPC/O levels), the levels of inorganic
carbon measured in its blood, and the K, of its symbionts for
CQ,.*®

Two recent developmental studies have found a transient
digestive tract in juvenile vestimentiferans. '*-'* An anterior
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ciliated opening leading to apr%umptive gut and out through
a posterior basal opening {anus) was observed by both groups
in the earliest developmental stages found. Neither group found
any ‘‘symbionts™ in these early developmental stages, and
Jones and Gardiner'** suggest that the future symbionts are
acquired at this stage from the free-living bacterial population
of the surrounding environment. Intermediate stages with bac-
teria present in the gut epitheliums were observed by both groups.

Cary et a.'2 found no visual evidence of symbionts in TEM
sections of freshly released, positively bouyant, eggs of R.
pachyptita. Although this study and the developmental studies
described suggest strongly that the symbionts are not trans-
mitted directly from generation to generation, rhey do not rule
out the possibility of transmittal of the symbionts in a cryptic
form as has been suggested for the bivalve Solemya reidi. *
TEM (morphological) and 16S rRNA analysis of the symbionts
indicate that associations with vestimentiferans are very spe-
cific. *'*12¢ Considering the highly-integrated obligate o ature
of these symbioses, and the transient nature of hydrothermal
vents, it would be surprising if eaeh generation must rely on
the & novo acquisition of symbionts from the surrounding
environment. Indirect transmission of symbionts would require
that the appropriate free-living (fUture symbiont) bacteria pre-
cede the larval vestimentiferans to each new vent site. a very
inefficient means to assure colonization of these ephemeral
Sites.

B. Pogonophora

As mentioned previously, the taxonomy of this group is
currently in dispute. While Jones considers the Pogonophora
and Vestimentifera to be two separate phyla, Southward con-
tinues to follow the original division of the Pogonophora into
two subphyla; the Perviata or * ‘small’’ pogonophora and the
Obturata or large vestimentiferan worms. The vestimentiferan
worms are discussed in the previous section and the small
perviate pogonophores are Covered here.

The small pogonophores are anatomically quite distinct from
their larger relatives. They are quite thin, ranging from 0.1 to
3 mm in diameter and from 50 to over 500 mm in leagth.'*
Over 100 species of small pogonophora have been de-
scribed. #5127 They inhabit tubes partialy buried in sediments
or in rotting wood, and have been collected at depths ranging
from 20 to 59S0 m.’= Due to their small size and lack of a
mouth and gut these worms were previously thought to depend
on dissolved organic matter for nutrition. '**'#* After the dem-
onstration of chemoautotrophic symbioses in the closely related
vestimentifera, the nutrition of this group was re-examined and
chemoautotrophic bacterial symbionts were discovered in the
post-annular region of several species. In gross anatomy they
are more complex than the vestimentiferans and their trunk is
subdivided into several distinct regiona (Figure 4A). The sym-
bionts are housed in cells(bacteriocytes) in a tissue homologous
to the vestimentiferan trophosome (Figure 4). '* The amount
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FIGURE 4, Small Pogonaphorans. (A) Diagramatic represeniation of 2 typ-
ical small pogonophoran, redrawn from Southward.' Note the occurrence 0f
symbionts ts restricted to the post annul ar region. (B) Siboglinum fiordicum.
Low nagnification micrograph ofa portios Of & section through the postanmulas
region. Position of micrograph is indicated in (D) b, bacteria; bs, biood spaces,
n. nucleus Of bacteriocyte; tt. rophosome lumen; vv, ventral vessel. (C)
Siboglinum fiordicum. Higher magnificatelectron micrographof  symbioots
in situ in vacuoles. Sections through two of the bacterial symbioats indicated
by b. fO) Schematic drawing of a cross-section through the postannular region
oft pogonopboran, redrawn form Southwand. ™ (Drawings by R. E. Kochevar.
Micrographs complements of Dr. E. Southward.)

of rophosomal tissue in the pogonophores is much seduced in
comparison to the vestimentiferans. Bacteriocytes are found
only in the pat-annular region of the trunk of the worms, and
the volume occupied by trophosome tissue is estimated to be
about 10% of the total volume of that region in Siboglinum
fiordicum (Figure 4). ' In other species the relative volume
of the trophosome can be even more reduced, particularly its
males with developed testes. '*° Even within the pogonophoran
rophosome, symbiotic bacteria can be relatively rare (Figure
4). '® Estimates of the volume occupied by the symbionts in
pogonophores ranges from 0.3 to “less than 1.0%"" of the
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whole animal.” **'*' The blood of all speciesof small Pogon-
ophora so far examined contains hemoglobin with avery high
affinity for oxygen, 132133 whichhasbeen postulated to function
in transposing oxygen to the symbiontsm the deeply buried
posterior end of the worms.

Symbiotic bacteria have now been visualized in eight species
of small pogonopharans (Table 2). Southward’ * presents nu-
merous electron micrographs and an extensive discussion of
the symbionts of small Pogonophora. The following descrip-
tions are taken almost entirely from that work. The symbionts
in al eight species so far examined are found in host cells
{bacteriocytes) and in all but one of these species the symbionts
are clearly enclosed within host cell membranes or vacu-
oles. 16,130 Incidence of bacteria within the bacteriocytes ranges
from “rare to abundant. " The symbionts found enclosed in
host membranes in six species of small pogonophore are all
morphologically similar (the other species with symbionts in
vacuoles, ,S. poseidoni, contains methanotrophic symbionts and
is discussed next). Thesymbionts in these six species areGram-
negative thin rods, varying in diameter from 0.15 to 0.3 pm
and from 2.0 to 4.8 wm in maximum length (Figure 4D). The
cytoplasm in these symbionts is moderately electron-dense and
sometimes contains small ribosomes or ¢lectron-lucent vacu-
oles. No host membrane could be seen around the symbionts
in Sclerofinum bratistromi. The symbionts in S. braustromi
are thicker (0.9 to 1.2 pm in diameter) and about 4 pm in
maximum length. occasiona intracytoplasmic membranes are
sometimes se-en in these symbionts.

Conclusive demonstration of the chemoautotrophic nature
of the symbionts in these worms was somewhat problematic
due to the small size of the animals and the relatively low
abundance of the symbionts within the worms. For example,
individuals of two of the pogonophores studied by SouthWard
et al. *Sibloglinum fiordicum and S. atlanticum, ranged in
wet weight from 0.43 to 2.1 mg and 3.7 to 16.6 mg, respec-
tively. However, RuBPC/O and APS reductase (at varying
activities) have now been demonstrated in the post annular
region of five species of small pogonophores (Table 2). 1332131
Southward et al.* also reported increased rates of carbon fix-
ation in whole animals and isolated tissues of S. fierdicum in
the presence of sulfide and thiosulfate when compared to con-
trols incubated in seawater without added sulfide. However,
as pointed out by the authors, the levels of stimulation were
low and should be viewed with caution. The chemoautotrophic
nature of some pogonophoran associations is also supported
by their stable carbon isotopic content. '*C values for S.
atlanticum, S. fiordicum and S, ekmani range from —35.5to
- 45.8% in areas where the values for dissolved organic and
inorganic carbon are both about -1 g%,_13.33.85

The small pogonophoran, Siboglinum poseidoni, harbors
methanotrophic symbionts. The symbionts in this species con-
tatn stacked internal membranes like those commordy found
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Table 2
Pogonophora With Indications of Chemoautotrophic or Methanotrophic
Symbionts

Species Enzy mes* EM SMC (%} Ref.
Diplobrachia capiilaris (Southward) + 130
Galarhealinum sp. -30.5[0 -593 34
Oligobrachia gracilis (Southward) Ru(-). S(+) + 13,33
Sclerolinum bratistromi (Webb) Ru(+). S(+) + 33.130
Siboglinum angustum (southward & + 130

Branegard)

S atlansicum (Southward & Southward) Ru(+). S(-) + -43.8 10 -45.3 13, 33, 5s
§. ekmani (Jagersten) Ru(+). S(+) + -4s.3 13.33
S. fiordicum (Webb) R u B S + -35.5 13.33. 13[
S. poseidoni (Frigel & Langhof) MMO* + —736 to 744 13. 60,134

Note: Abreviations: EM - symbionts visualized by electron microscopy: Ru- Ribulose bisphosphale carboxylases
oxygenase; S- Enzymes involved in oxidation of sulfur compounds (including ATP sulfurylase and APS
reductase); MMO- Methane monooxygenase.

* Relative activities are indicated low ( - ). medium( + ). high( + +).

* Homogenates oxidize “C-Methane 10 “CO,.

in type | methanotrophs. '¢ Both intact animals and homoge-
nates of the postannuiar region oxidize '“C-methane to '“C-
organic carbon compounds and “CO,.'* The tissues of §.
poseidoni were also vety depleted in '*C (8'*C from -73.6 to
- 74.4%0).% These pogonophores will normally die within three
weeks Of culture in seawater, but have been maintained for up
to three months in seawater under an atmosphere of air and
methane. **

Another “small” pogonophore has been collected from hy-
drocarbon seep areas in the Gulf of Mexico. ”." '* This pogon-
ophore is thin, like the other species discussed, but pieces of
individuals in excess of 80-cm-long have been collected by
otter trawl (personal observations). It has been identified as a
new species of Galarhealinum in the perviate family Pol ybra-
chiidae (personal communication, E. Southward, Mar. Biol.
Assoc. U.K.). The reported 8"C values of from -42 to —48%e
for tissue from this species suggest that it contains symbionts
which are either chemoautotrophic or methanotrophic. > There
arc reports in the literature of tissue closely resembling po-
gonophoran trophosome in two other genera of small pogoa-
ophorans, Polybranchia and Lamellisabella.** |nvestigators
currently working on the small pogonophora have suggested
that trophosome tissue and the symbiotic habit are likely to be
universal features of the phylum. 12512

C. Annelida

Two groups of annelids, one genus of polychaete and two
genera of oligochaete, have been described which harbor sym-
biotic chemoautotrophic symbionts. In both groups the sym-
bionts are extracellular, either on the epidesrnis or in subcuticular
regions.

1. Polychaetae

The polychaete family Alvinellidae'** contains two genera,
both of which are found solely at hydrothermal vents. Alvi-
nellids of the genus Paralvinelia do not harbor symbiotic bac-
teria although the insides of the tubes of P. grasslei are often
heavily colonized with (apparently) chemoautotrophic bacte-
ria'% The*‘Pompeii worms’, Alvinella pompejana and A.
caudara, both have numerous morphological forms of bacteria
associated with their epidermis (Figure 5). A. pompejana (= a.
pompejana, forme hirsuta) and A. caudara ( =A. pompejana,
forme caudata) were thought to represent different ontogenic
stages of rhe same animal when first described, ** but are now
considered two distinct species.'* The two species build or-
ganic tubes on zinc sulfide chimneys (“white smokers’), in
waters ranging from 20 to 40°C.

The bacteria associated with the two species of Alvineila are
never intracellular although they are occasionally subcuticul-
far. ** “Cluster-like” associations of rod-shaped, coceoid, and
filamentous bacteria are located in the intersegmentary spaces
of both species (Figure 5). Filamentous bacteria are associated
with the numerous epidermic expansiona along the dorsal por-
tion of Alvinella pompejana. A. caudasa is devoid of epidesmic
expansions, but its posterior parapods are modified and covered
with a high density of filamentous bacteria. Additionaly, a
variety of morphological forms of bacteria (rod-shaped, pros-
thecaded, spiraled, and unsheathed fitamentous) are distributed
singly over much of the rest of the tegument in both
species. 19.72.139

Enzyme assays indicate the presence of RuBPC/O both on
the “skits’ of both species of Alvinella and in homogenates
of tube material,’- and in sizu “C-bicarbonate incubations
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FIGURE 5. Schematic drawings of two hydrothermal vent Alvinellid po-
lychaetes (A) Alvinella pompejana. Few bacterial aggregates are preseat on
the most anterior portion of the worms (1) but density of the aggregates
increases on the intersegmental spaces in the area indicated by (2). Aggregates
are abundant on  the epidermal expansions on the dorsal portion of the _
hatf of the worm (areaindicated by 3). (B) Afvinella caudata. Density of
bacterial aggregates in the intersegmentary spaces of areas (I) and (2) are
simitar 10 A. pompejana but increase in deasity i area (3) Of A, caudaa. A.
caudaza ,idermal xpansions but the postenor parapodia  area
(4) are r-xdified and covered with filamentous bacteria. (Figures S A and B
are from Desbruyéres and Laubier.'™)

indicate that at least the’ ‘ cluster-like” associations of bacteria
have some chemoautotrophic activity. “’ The same two studies
also indicate that some of the associated bacteria are faculta-
tivel y heterotrophic, based on phosphoenoipyruvate carbox-
ylase activity '« and uptake of *H-thymidine without associated
C-bicarbonate incorporation (growth without autotrophy). *’
The nature of the interactions in these epibiotic associations

is unclear. The 8'*C value measured in A. caudata tissue
(—11. 2%e) is similar to those found in R. pachyptila tissue,
and the authors suggest that this implies a common nutritional
source of carbon. ™ However, as discussed, the 8'*C values of
hydrothermal vent vestimentiferans are anomolous among che-
moautotrophic symbioses and probably arc due to factors re-
lated to the supply of carbon to the intracellular symbionts in
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theinterior of the worms bales. Whether the similar values
in the two distinctly different symbioses are due to similar
causes, or the coincidental result of different causes, remains
an open question.

The worm’s anatomy suggests a mixotrophic existence. Both
species of Alvinella have a functional mouth and gut, and gut
content analyses indicate the ingestion of filamentous bacteria
and mineral particles.!® On the other hand, there area variety
of ultrastructural features which may be specializations for
exchange of metabolites between the epibionts and their host.
These include disorganized collagen fibers and a highly vas-
cularized underlying epithelium in some of the heavily colo-
nized intersegmentary zones, as well as thin filamentous
structures linking some bacteria to the worm'’s cuticle.’9 How-
ever, in situ labeling studies revealed no difference in the
|abeling pattern between the two species of Alvinella and Par-
alvinella grasslei (a species without symbionts) after exposure
to C-bicarbonate. *! Elucidation of the nutrition of the two
species of Alvinella awaits further experimentation.

Severa authors have suggested that the associated bacteria
may also serve a ‘detoxification”’ function, either with respect
to heavy metals, or sulfide. '*'*' Whatever the nature of the
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interactions between the partners in this symbiosis, the mor-
phological adaptations of the worms to their epibionts, the
abundance of the associated bacteria, and the specificity of the
different types of bacteria to the various regions of the worms
all indicate a significant functional interaction.

2. Oligachaeta

The oligochaete sub-family Phallodrilinae contains two
mouthless and gutless genera whose taxonomic descriptions
include symbioses with chemoautotrophic bacteria. These
wormsall liveinterstitial y in mildly reducing sediments. The
gutless condition of Phallodrilus leukodermatus ( = Inanidrilus
leukodermarus) Was described by Giere in 1979.142 Simulta-
neous] y five other gutless species in the Phallodrilinae were
described. "“Two years later the presence of subcutaneous
symbiotic bacteria was demonstrated in P. leukodermatus.'*
Since then similar symbioses in a number of other gutless
oligochaetes have been describe.d.””“On the basis of these
discoveries and the descriptions of 22 new species, Erséus'*?
re-evaluated the taxonomic status of the gutless Phallodrilinae
and proposed that the 38 species be divided into two genera,
the pm-existing fnaridrifus and a new genus, Olavius, thus
leaving only species with guts in the other genera of the Phal -
lodrilinae. The descriptions of both gutless genera include the
presence of symbiotic bacteria (**Body wall densely granular
and chalky white due to presence of subcuticular symbiotic
bacteria. “)*”

Inanidrilus leukodermatus remains one of the most inten-
sively studied of the gutless oligochaetes although Olavius
(= Phallodrilusy planus has also been investigated by a number
of authors. 144-14%:1% The symbionts in both species (and pre-
sumably in all species of the two genera) are found in a sub-
cuticular space between the cuticle and the epidermis (Figure
6A). The thickness Of the bacterial-containing layer varies along
the length of the individuas. In both species there two kinds
of (usuall y) extracellular gram negative bacteria (Figure 6B).
The large ones are generally oval in shape and measure about
2.1 x 3.3 um with some as long as 4.6 um. The smaller rod-
shaped symbionts are about 0.5 X 1.7 pm and have a thicker,
multilayered cell envelope than the larger symbionts. 17 Dis-
tribution of the two symbioats over the WOrms is non-random.
The larger symbionts are abundant in the post-clitellar region.
becoming more rare towards the anterior end of the worm and
are completely lacking in the most anterior segments (segments
I to VII). The smaller bacteria are present in every segment of
the worm and are scattered between the larger symbionts when
they co-occur. **!® The symbionts are especially dense and
abundant in “genital pads’ of the clitellar region. Histological
studies indicate that the symbionts are directly transmitted be-
tween generations. Giere and Langheld'* conclude that the
symbionts of f. leukodermatus are transmitted from the parental
body to its eggs by externa intrusion during oviposition. The
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FIGURE 6. Phallodriludeukodermasus. (A) Cross
wall, showing location of two types of bacteria in the subcuticular space. ¢
u, cuticle; e b, endocytosed bacteria: 1 b. larpe bacteria; 1 m longitudinal
muscle; n epidermal cell nucleus; s b, small bacteria. (B) Higher magnification
electron micrograph showing a single large and several small bacterial sym-
bioats. (C) Higher magnification electron micrograph of a lysosome from an
epidermal cell. (Micrographs complimeats of O. Giere.)

source Of the transmitted symbionts is apparently the bacteria
in the genital pads.

A variety of results indicate that the symbionts are che-
moautotrophic. The enzymes RuBPC/O, ATP suifurylase, sul-
fite oxidase and nitrate reductase have been demonstrated in
tissues of Inanidrilus leukodermatus and Olavius planus.'*
Both RUBP carboxylase and nitrate reductase are characteristic
of autotrophic organisms. More recently slight thiosulfate stim-
ulation of CO, fixation has been demonstrated in /. leukoder-
matus, although the high unstimulated carbon fixation rates
(29 um g’ h-1, mitigate interpretation of the results. ‘s’ X-
ray microanalysis indicates that the symbioats contain sub-
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stantial amounts of sulfur reserves and biochemical analyses
indicate that the bacterial reserve. pol yhvdrox ybutyvrate (PHB 1.
may account for as much as 10'% of the dry weight of the
worms. '**'*® When carbon fixation rates of “white™ and “pale’™
worms were compared, much higher rates were tecorded for
the *“*white’” worms, worms which the authors indicate were
replete with sulfur and PHB reserves.'s! These results. com-
bined with the worms’ vertical distribution and their mouthless
and gutless condition, provide strong evidence for the che-
moautotrophic nature of these symbioses.

0. Other Worms

A variety of gutless worms which live interstitially in re-
ducing sediments have been re-examined by scientists since
the demonstration of chemoautotrophic symbionts in the Ves-
timentifera. As aresult. worms from two additionat phyla have
been suggested to contain chemoautotrophic symbionts. A ne-
matode, Asiomonema jenneri (Phylum Nematoda), and a tur-
bellarian, Paracaterula uranie (Phylum Platyhelminthes)
contain abundant symbiotic bacteriain their cells, which may
be chemoautotrophic. 152 The catenulid wrbullarian, Paraca-
tenuda urania, contains abundant Gram-negative bacteria, about
210 4 um wide and up to 10 wm in length, in vacuoles in
“gut rudiment’’ cells. The Nematode, Astomonema jenneri,
also contains abundant Gram-negative procaryotic cells inside
the calls of its ‘ ‘gut rudiment”. However, there are two mor-
phological types of symbioats in A. jenneri: small, relatively
uncommon, rod shaped bacteria (O. 1 to 0.5 wm in length), and
larger oval bacteria (about 1 by 3 wm in length). No host
derived membrane could be seen by the authors around either
of the symbionts in A. jenneri. The symbionts pack the “gut
rudiment” cells in which they are found, and account for an
estimated 25 to 50% of the body mass of the nematode. Ott
et a. ‘““suggest that the symbionts of both the nematode and
catenulid are probably chemoautotrophie, based on the sym-
biont morphology, the gutless condition and habitat of the host.
and lack of an epidermis specialized for uptake of DOM or
POM in either host. While | agree that a chemoautotrophic
symbiosis does seem likely in these two worms (and will likely
be discovered in other members of the sulfide meiofauna as
well), demonstration of the chemoautotrophic nature of these
symbioses awaits further study.

E. Mollusca

Chemoautotrophic symbioses are proving to be widespread
in the phylum Mollusca. Chemoautotrophic or methylowophic
symbionts have been clearly demonstrated in numerous species
of bivalves from five different families and in one species of
gastropod. A listing of the bivalve specks which have been
suggested to contain chemoautotrophic symbionts and the cur-
rent evidence supporting these symbioses is summarized in
Table 3. There are many similarities in the various associations
between mollusks and chemoautotrophic symbionts although
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the behavioral, physiological. and morphological adaptations
differ in the various families. In all families the symbionts are
located in the gills. in the subfilamental tissue or its analog.

The symbionts are intracellular in all families but the Thy-

asiridae. The bacteria are NOt found in ciliated cells but rather
in or associated with more or less specialized cells termed

bacteriocytes. Which often altemnate with intercalary cells (which

do not contain bacteria) in the subfilamental tissue. When in.

tracellular, the symbionts are found in vacuoles within the cells,

not free in thehost cytoplasm. The number of symbionts per

vacuole varies in the different species. These symbiotic as-
sociations are found in a wick variety of habitats with consid-

crable variation in habitat chemistry. These mollusks are mobile,
and aithough some of symbiont-containing species are found
in dynamic eavironments where sulfide and oxygen are both
present (such as active vents or seeps) most of the species must
bridge the interface between sulfide and oxygen with some
kind of a behaviora] adaptation. These behavioral responses
for the acquisition of both sulfide and oxygen vary from family

to family, and of course in the different environments.

1. Bivalvia
€. LUCINIDAE

About baif of the described bivaive species with chemoau--
totrophic symbionts are in the family Lucinidae (Table 3). All
members of this family which have been investigated for the
presence Of symbiotic chemoautotrophs have been shown to
contain them, and many investigators, including myself, be-
lieve thistype of symbiosisisinherent in the family. 133.1%4.13%
It has beea suggested that the symbiotic habit may have been
the moat important factor in the evolution of the super-famify
Lucinacea and the family Lucinidae. **!¢! Lucinids are char-
acterized by a greatly reduced gut, reduced labial palps, ab-
sence of am incurrent siphon, and large fleshy gills,™ all
chammictims presumably associated with their symbiotic habit.

Lucinids have been collected from a wide range of habitats
with depths rangi ng from the imtertidal to the deep-sea. They
have beea collected from both tropical and temperate oceans,
from sediments which tangs from strongly reducing to only
slightly so.¥%-154-16¢ Co||ection of lucinids and thyasirids from
habitats where the free sulfide concentration is less than 1 pM
dramatically expands the expected range of chemoautotrophic
symbioses, % 102

Lucinids do not have an incurrent siphon, and ventilator
water enters the animat through an anterior **feeding tube”’
formed through the substrate by the extensible foot (Figure
7).*” When actively ventilating this is the route for the ac-
quisition of oxygen. Several methods have been proposed
whereby the clams could acquire sulfide. Reid™ has proposed
that by ceasing ventilation, the lucinids may allow sulfide to
accumulate in their burrows which could then be taken up after
diffusion directly into the mantle cavity through the anterior
gape. Most (i not all) lucinid species also produce with their
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Table 3
Bivalves With Chemoautotrophic Symbionts
Species 84C (%o} °S Ref.

Lucinidae

Anodonua philippiana (Reeve) + Ru 153, st

Codakia costata (Orbigny) + Ru 153, 154

C. orbicularis (Linné) Ru, As, R -23.2 t0 -28.3 22

C. (Clena) orbiculata (Moatagu) Ru 154

Linga (Lucina) pennsylvanica (Linné) Ru 2

Loripes lucinalis (Lamarck) + Ru, Ac. As 1s5, 156

Lucing nassula (Cared) Ru -23.0 2

L. radians (Coarad) Ru 154

Lucinella divaricata (Linn&) +  Ru, Ar As 1%, 158

Lucinoma aequizonata® (Scams) + Ru, As,R + 31.36, ss. 157

L. annulata (Reeve) + 157

L. astantis (McLean) -31.2w -33.0 m

L. borealis (Linn&) +  Ru,Ar ~24.110 -29 + 55.89

Mpyrtea spinifera (Montagu) + Ru, Ac. As -23.4 w0 -24.2 + 37,5

Parvilucina multilineata (Tuomey & Holmes) + Ru 153, 1s4

P. tenuisculpia (Carpenter) + Ru. As, + 3119

Pseudomiltha (Licina) floridana (Conrad) + Ru, Ac + 47.88, 157

Pseudomiltha . . +  Ru,AC. AS -30.91-37.7 + 34
Solemyidac

Solemya reidi (Bernard) + Ru, As, Ar,R -30 + 3t, 35, u, 160

5. velesiana (Iredale) + 161

S. velum (Say) + Ru -30.90 -33.9 36, 162

S. sp. -3t 59
Thyasiridae

Thyasira equalis (Vertill & Bush) + Ru 32.163

T. flexuosa (Moatagu) + Ru. AC, As -29.3 + 32,55, 159, 163

T . gouldi (Philippi) + +32, 163

T. sarsi (Philippi) +  Ru.ALAs ~28.20 -31 + 32,55, 163
Vesicomyidae

Calyptogena elongata (Dall) + + 88

C. laubieri (Olaustani & Métiver) + + 164, 165

c. magnifica (Boss& Tummer) + Ru, as -32.1 10-51.6 + 7,31, 36, 59, 79, 166

C. phaeseoliformis (Mégdver et al) + -37.8to —40.1 + 61, 164, 165

C. ponderosa (B0OSS) + -312w10 -39.1  + 34

Vesicomya cordata (S0s5) + Ru. As -39.8 34

V. gigas (Dally + Ru. As 31.36
Mytlidae

Bathymodiolus thermophilus (Keak & Wilson) + Ru, As -30510 -37.1 6, 21, 4S

Note: Abreviations; Ar = APS Reductase, AS = ATP Sulfurylase, R = Ribulose 5’ kinase, Ru - Ribulose bisphophate carboxylase/
oxygenase, EM - Symbnoms visualized by clectron m'n'oscopy.’s = wemwmmgmmgms

« [ncorrectly identified as L. annulaza in References 31, 36,88.

* Incorrectly identified as Calyptogena pacifica in References 31, 36 (personal communication R. Turner, Harvard Mus. of Comp. Zool.)

extensible foot at least one, and often many, small tubes which
extend down into the substrate from the ventral edge of their
shell (Figure 7).’= Turner'™ has hypothesized that these tubes
may be the result of the clam using its extensible foot to obtain
sulfide from interstitial water in the underlying sediments. Cary
et al.** demonstrated the existence of small *‘pockets” of sul-
fide rich sediments in the muds colonized by Lucinoma ae-
quizonata (the muds contain generally low concentrations of

sulfide) and hypothesized that the clams may use their foot to
“ search out and tap” this sulfide source. Parvilucina tenuis-
culpta has a posterior bellows arrangement which Reid and
Brand'*® have suggested could serve to ventilate the supra-
branchial chamber and thus provide sulfide to the symbionts
itsthe gills. Dando et al.*? have noted that some lucinids live
in environments where free sulfide concentrations are very low
(clpd), but acid labile forms are more abundant (-700PM
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FIGURE 7. Diagram of a *‘typical’ lucinid burrow drawn from
Stanley's X-rays.'® Permaneace of exhalent ube as well as the
extent Of excavation below the burrow S variable between species.
{Drawing by R. E. Kochevar.)

dm’of sediment), and suggested that the clams might either
enrich sulfide production in their immediate -environment
through the production of pseudofeces, or utilize products such
as thiosulfate which result from the partial oxidation of the
iron sulfides its the sediments its contact with their feeding
tube. Additionally, Reid and Brand'*® suggest that lucinids may
use the sediment bound, acid-labile sulfides, by ingesting the
sediment into their guts where soluble sulfides are released in
the acidic environment. Which one (or combination) of these
routes for the acquisition of reduced sulfur compounds is ac-
tually employed by the lucinids remains to be experimentally
verified.

The symbionts of the lucinids are located in vacuoles in
bacteriocytes, found in the subfilamental region of the gills.
The number of bacteria per vacuole varies between species of
lucinids. There is normally one bacterium per vacuole (occa
sionaly two) in Lucinoma borealis and Myriea spinifera >-'®
Giere'*? reports one or afew bacteria per vacuole in Anodontia
Philippians and three species of Lucina from Bermuda, and
Distel and Felbeck'*? report “tens’ of bacteria per vacuole in
two species of Lucinoma from California. Lucinid gills consist
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of a single large demibranch on each side of rhe clam. In
Lucinoma aequizonata and Myrtea spiniferathe gills comprise

about 35 and 23%. respectively, of the wet weight of the clam
soft tissues. *”-'*? Lucinid gillsrange in color from pink through
red. and brown to acreamy beige.'33-437-18* The utrastructure
of the gills and bacteriocytes of a variety of tucinids has been
described, based primarily on transmission electron micro.

graphs of the gill filaments.7-47-253.15%-4¢3 However, Distel and
Felbeck'*? present a much more complete. three dimensional

description of the structure of the gills of three species of
lucinids. This proposed three dimensional structure scents com-
patible with all other published micrographs of lucinid gills,
and therefore the following description (and Figure 8) istaken
primarily from that work. '**? The outer surface of each demi-
branch is covered by a ciliated, ctenidial filament zone (CFZ)
which has a structure typical of eulamellibranch clams. Im-
mediately below the CFZ is a zone termed the transition zone
by Distel and Felbeck. '*” Thiszone is at most afew cells thick,

and consists of cells which are structural y intermediate be-
tween the overlying CFZ and the bacteriocyte zone. Cells in
the transition zone are not ciliated and do not contain sym-
bionts. The cells of thebacteriocyte zoneare arranged in tubular
stacks, termed bacteriocyte cylinders (Figure 8D). These cyl-
inders arc continuous through the gill lamellae and allow the
free passage of sea water between the mantle cavity and the
interlamellar space, thus allowing ventilation of all bacterio-
cytes. Bacteriocytes are the dominant cells in this zone. The
size of the bacteriocytes varies between species. Bacteriocytes
in four species of lucinids from Bermuda arc between 12 to
20 pm in height and 6 to 14 pm in width.'* Diste] and Felbeck!”

report bacteriocytes from Lucinoma aequizonata, L. anrulata
and Lucina floridana ranging from 20 to 40 wm in diameter
and Fisher and Hand*’ report that the bacteriocytes in L.. flor-
idana range up to 60 wm in diameter. Thesymbionts are located
in vacuoles in the external-most portion of the bacteriocytes
(closest to the central bacteriocyte channel), with the nuclei

displaced towards the opposite end of the cells, 153-157.163 Mye-
lin-like figures are also visible in many bacteriocytes suggest-
ing lysosomal digestion of senescent symbionts. 47-153-157.158.163
Squeezed between the bulging bacteriocytes arc intercalary
cells (termed “normal” cells by Giere!¥). Intercalary cells do
not contain symbionts and are coveted with microvilli 00 their
external surface. Several authors report that the bacteriocytes
themselves arc also coveted by microvilli on their external
surface and are directly exposed to sea water with either no's?
or only partial coverage of the bacteriocytes by extensions of
intercalary cells’’”’ Other workers disagree and report that
thesurface of thebacteriocytes facing the bacteriocyte channels
are covered by thin extensions of the intercalary cells from
which the microvilli arise, and therefore the bacteriocytes are
never directly exposed to sea water.*’-'3? Since two conflicting
reports concern the samespecies,*™ '** this difference in opinion
concerning microvilli and exposure of the bacteriocytes to sea
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FIGURE 8. Lucinoma gequizonaa. Structure of tbe gills. (A) Clam with
left valve removed. (S) Transverse section through eatire clam at median point
Of anterior-posterior axis. (C) Enlargement Of block Of gill tissue removed
from region indicated by box in (A). (D} Enlargement of block of &ll tissue
removed from region indicated by box in (C). aa, anterior adducwx; bz,
bacteriocyte zoue; cf, ctenidial filaments; cfz, ctenidial filament zooe; £, foot;
il, inner lamells; ith. interlamellar bridge; its. interiamellar space; Ibc, large
bacteriocyte channel; ld, left demibranch; m, mantie; o, ostia; ol. outer lameta:
pa. posterior adductor; rd, right demibeanch; sbc, smail bacteriocyte channel;
tz, wansition zome; v, valve; v, visceral mass. Figure 8 is from Distel and
Felbeck.”

water may be due to fixation artifacts (such as shrinking of
intercalary cells) as well as representing true differences be-
tween species. The proposed three dimensional structure, as
well asthe generally recognized gill structure (with the ciliated
ceils on the external surface of thelamellae) has been suggested
to function in maintaining a favorable, low oxygen tension
around the bacteria, 7-153-137

A variety of different sizes and shapes of bacterial symbionts
with cell wall ultrastructure characteristic of Gram-negative
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bacteria have been reported in the Lucinidae (Table 4). h-t
general thesymbionts are fairly large and pieomorphic. A
number of different types Of particles and inclusions have been
reported in the symbionts of the Lucinidae. Elemental sulfur
(often represented by empty vesicles in TEM sections) is often
reported in invaginations of the plasma membrane of the sym-
bionts.37:82-137.139.163 Flectron dense particles tanging from 40
to 80 run in diameter are also reported in many symbionts and
various authors suggest these may be either glycogen particles
or clumped ribosomes®™!¢? or carboxysomes.*- ‘“Other larger
granules visible in the bacterial cytoplasm are suggested to
contain bacterial storage products such as polyphos-
phat:s.37-153-153

b. MYTILIDAE

There are apparently four different species of mussel cur-
rently known to contain symbiotic chemoautowophic or meth-
ylotrophic symbionts. As of thiswriting only one of these has
been described taxonomically, Bathymodiolus thermophilus,
the hydrothermal vent mussel. *** Another mussel has recently
been discovered at the Mariana back arc basin'™ and prelim-
inary evidence indicates that it may harbor chemoautotrophic
s ymbionts (personal observation). Two other species of mus-
sels, one found at the Florida Escarpment Site,® and another
from hydrocarbon seepsin the Guff of Mexico,"both contain
methylotrophic symbionts. 12-1$ These tWO0 species are distinct
(personal communication, R. Turner, Harvard Museum of
Comp. Zool. ), and rite details of their methylotrophic sym-
bioses are covered in a later section.

Bathymodiolus thermophilus was described from material
collected at the Galépagos Rift. and published ultrastructural
studies of the gills of mussels collected at 13°N on the East
Pacific Rise indicate that these are probably the same species,
with ultrastructurally similar symbionts.?*"-"’ Stable carbon
isotope values, 545 histological studies 21173174 €0ZYTIC analy-
sis, 2114 thiosulfate stimulation of ATP production and car-
bon fixatdon**-!™ all indicate that the symbionts in this mussel
are chemoautotropohic. However, the levels of autotrophic
enzyme activities, stimulated ATP production and stimulated
carbon fixation are quite low when compared to eother vent
invertebrate-swith symbiotic chemoautotrophs (see References
21 and 45). Reconciliation of these low activities with the
abundance of symbionts its the mussel gills must await further
experimentation. Another anomalous fact concerning this che-
moautorophic symbiosisisthe lack of elementa sulfur in the
gills of all individuals investigated (n = 27, collected from a
variety of in situ conditions).** Although levels of elemental
sulfur can vary from undetectable to over 3% of the gill wet
weight within individuals of a given species of bivalve with
chemoautotrophic symbionts, to my knowledge thisis the only
association of this serf its which elemental sulfur has not been
demonstrated, despite numerous attempts.

At hydrothermal vents where B. thermophilus is found it is
widely distributed both spatial] y and with respect to water

Issues 3,4

Al 0 smiaes 0 0 dbey 2 o stsihen 0 ceSees 090 saSlen 0 e 0 wfmaee 0 aemie 00 e 00 @SR



Table 4

Aquatic Sciences

Bacterial Symbionts of the Lucinidae

Species

shape Length Width Diameter  Ref.
Anodontia philippiana oval 1.3-3.2 [.0—1.1 153
rod 5.5--6.0 0.4—0.65
Codakia orbicularis rod 1 -2 22
Lucina costata rod 1,84.4 0.5-0.8 153.
L. floridana rod and sphere 4-7 1-2 3— 88
rod +—5 1—1.5 47
L. mulilineata oval 2.2—5.4 11—-23 153
rod 8.9 0.9
L. radians rod 1.84.4 05-3. 1 153
Lucineils divaricata oval 04—17 158
Lucinoma aequizonata® rod and sphere 4-7 I -2 3 4 88"
rod 4--10 2—s 157
L. ennulata rod to oval 4—10 2—5 157
L. borealis aval <4.0 163
Myrtea spinifera rod 4--9 0.4-2.8 37
Parvilucina ienuisculpata oval -3 -0.5 159

Note: ASI dimensions are given in pm.

* Incorrectly identified as L. amauiaia in Reference

chemistry, although it has never been found outside the vent
environment.*>! %, ! 77 These mussels have been collected from
among tube-worms where water temperatures can reach 14*C,
from peripheral areas in a vent field where both temperature
and sulfide anomalies were undetectable, and from a range of
intermediate environments.**: 17 Their distribution within the
vent field indicates that, unlike Riftia pachyptila and Calyp-
togena magnifica which both require rather specific conditions
of vent flow to flourish,’? B. thermophilus is able to survive
under a wide range of conditions. Their ability to tolerate
this wide range of conditions has been explained by their ability
to filter feed, an ability first attributed to the mussels based on
anatomical studies and gut content analysis, '™ and later
verified experimentally. " Another Possible source O nutrition
for these mussels is uptake of dissolved organics, and Fiala-
Medioni et a. *” have demonstrated uptake of labeled amino
acids from relatively low environmental concentrations. Evi-
dence for differential incorporation of organic carbon from the
three sources available to the mussels (symbiotic, particulate,
and dissolved) is found in a comparison of the stable carbon
isotopic composition of the animal tissues of mussels collected
from different sites within the Rose Garden hydrothermal vent
field, where mussels collected from more peripberal clumps
had a significantly heavier *C than mussels coliected from
cenral sites.*® Despite their multiple nutritional strategies, these
mussels are never found outaide the vent field, and when col-
lected from very peripheral environments are in a poorer nu-
rritional statethan similarmussels collected from“’warmer”
more central areas in the same vent site.*>17

Evidence for multiple “* strategies’ of nitrogen assimilation
isalso found in stable isotopic studies of the mussels from the
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Rose Garden hydrothermal vent field.** Mussels collected from
the central (warmer) sites were significantly lighter (average
8N of - 3.9%) than mussels from a nearby peripheral clump
(averaged + 3.5%0). The 8'*N values of the possible organic
and inorganic nitrogen sources available to the mussels at the
hydrothermal vents are not currently known, but the authors
conclude that the negative §*N values in mussel tissues is
probably due to incorporation of nitrogen derived from nitrogen
gas either assimilated by free living bacteria on which they
feed or directly by the symbionts.

Detailed ultrastructural studies of the gills of both Bazhy-
modiolus thermophilus and the hydrocarbon seep mussel have
been published. 21 The gills of both species are composed
of numerous filaments with abundant ciliation on the lateral
and frontal edges. The filaments are held in place by ciliary
tufts on their lateral faces. The bulk of the lateral faces of both
species are covered by large bacteriocytes (containing the sym-
bionts) which alternate with symbiont-free intercalary cells
(Figure 9). The bacteria are found in vacuoles in the apical
portion of the bacteriocytes in both species. The seep-mussel
bacteriocytes house fewer bacteria, with only one to three bac-
teria visible per vacuole in cross section. B. thermophilus bac-
teriocytes are larger and contain hundreds of bacteria per cdl,
with many (>20) bacteria often visiblein asinglevacuole in
cross section (Figure 9). Additionally, the vacuolesin B. ther-
mophilus bacteriocytes are often interconnected and may in
fact be a single large vacuole.

B. thermophilus symbionts are small cocci or short rods
ranging from 0.3 to 0.75 pM in diameter, with a ceil wall
ultrastructure typical of gram negative bacterigFigure 9).*1.174
The symbionts in the hydrocarbon-seep mussel and the major
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FIGURE 9. Bathvmodiolus thermophilus. (A) Transmission electron micro-
graph Of @ section trough abacteriocyte ON 2 gill filiment. Numerous bacterial
symbionts are Visible in vacuoles in the bacteriocyte. (B) Schematic drawing
of abacteriocyte oa a gill filiment. (C) Scanning etectron micrograph Of the
surface Of a gill filiment. The plasmaiemella of a single bacieriocyte has been

partially removed to show das abundant symbioats within. (D) Higher mag-
nification transmission electron micrograph of a portion of a bacteriocyte. b.

bacteria; bm, basal membrane; db, deg bacteria; h, hemocyte: Ic, in-
tercalary cell; L. lipids Ls lysosome; m. mitochondria:. n. nucleus. Figure
(9B) is slightly modified from Fiala-Medioni snd Le Pennec. ™

symbiont in the Florida escarpment mussel are both roughly
coccoid and between 0.75 and 2.0 uM in diameter (Figure
10). Both of these symbionts contain stacked internal mem-
branes, typical of type onemethylotrophs. '*!*' Cavanaugh et
al. " also identify a second symbiont in the gills of the Florida
escarpment mussel. This second symbiont is coccoid to rod
shaped and about 0.4 uM in diameter, without internal mem-
branes, and is not known to be either chemoautotrophic or
methylotrophic (Figure 10).

€. SOLEMYIDAE

The family Solemyidae are protobranch bivalves character-
ized by large fleshy gills and a reduced or absent digestive
tract and labial palps. Solemya reidi was the first bivalve for
which a gutless condition was described'**'*? but since then a
number Of other gutless solemyids have been discovered. ™
The nutrition of this group had puzzled investigators's' '** be-

FIGURE 10. M ethanotrophic symbionts. (A ) Large and smail (S) symbionts
of the mussel from the Florida escarpment site (small symbioat may not be a
methanotroph). (B) and (C) Symbionts from the **hydrocarbon seep mussel”
({A] is compliments Of C. Cavanaugh.)

cause their relatively large size belied their limited feeding and
digestive ahilities. Solemya velurm was the first non-vent in-
vertebrate for which a chemoautotrophic symbiosis was
postulated!ss and NOW all members Of this group are thought
to contain symbiotic chemoautotrophs. '-*** n fact Reid and
Brand' “hypothesize that acquisition of the symbiotic habit
may have been a driving force in the evolution of this family
asin she Lucinaceae.

Solemyids are relatively deep burrowers and construct either
Y or U shaped, mucous lined burrows (Figure 11) its sediments
rich in organics. - 187 These burrows penetrate into anaerobic
layers and their behavior in the burrow is thought to be the
key to their acquisition of sulfide and oxygen. Sulfide will
diffuse into these burrows and could be acquired by the clam
either in the basal portion of a Y shaped burrow orina U
shaped burrow if the clam ceases to ventilate, which solemyids
are capable of doing. 612 It has also been reported that so-
lemyids can reverse the flow of water through their mantle
cavity'® which could also facilitate the acquisition Of sulfide
from the base of a'Y shaped burrow. The clams can squire
oxygen either by ventilating the upper, U shaped portion of
their burrow, or simply by moving up in the burrow. All of
these approaches imply a temporal separation of the acquisition
of sulfide and oxygen, as sulfide will not persist in a well
ventilated burrow and oxygen will not persist in the opposite.
Both sulfide and oxygen are required together at the site of
oxidation and a mechanism to provide both simultaneously has
been proposed by Doeller et af. ' They demonstrated that
Solemya velum has a gill hemoglobin which will reversibly
bind either oxygen or sulfide, and propose that it functions to
provide one of the substrates when the cfam isin an environ-
ment where that substrate isabsent. Thus the-se bivalves may
not obtain sulfide and oxygen through onfy spatially separate
locations, as do the vesicomyids and perhaps lucinids, but may
rather acquire both subsumes by temporally separariig their
acquisition in situ.
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FIGURE 11. Schematic drawing of Solemyid burrow. (R.E.
Kochevar, arust.}

The gills of solemyids ate composed of numerous separate
filaments attached at their base. A chitinous rod runs through
each filament near its distal edge and separates the filament
into an inner symbiont-rich portion and outer, ciliated. filament
edge, which is lacking in symbionts.>*=** The gills of both §.
velum and S. reidi have been examined ultrastructurally, and
in these species the bacteria are housed in cells termed bac-
teriocytes which alternate with symbiont-free intercalary cells
on the surface of the gill filaments (Figure 12).}7-3%-124-10 These
intercalary cells are apparently the source of the microvilli
which cover the surface of the inner portion of the gill fila-
ments. The bacteria are found in vacuoles and are normally
restricted tothe distal portion of the host cell, in close proximity
to the sea-water. 12« The symbionts are rod-shaped, about | um
in diameter and range in length from 2 to 10 um, with a cell
wall ultrastructure typical of gram negative bacteria (Figure
12).17-124.1% Djirect counts of the symbionts in S. velum indicate
there are about 10’ bacteria per gram (wet weight) of gill
tissue. *

The symbioses between Solemya reidi and chemoautotrophic
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FIGURE 12 Solemya reidi. Electron micrograph of a section through a gill
filiment. Portions Of two bacteriocyses are visable with sa intercatary all ([C)
between. TWo Of the many bactera are indicated by (b). mv, microvilli on
the external surface of the intercalary «Micrograph compliments of M
Powell.)

bacteria is one of the most intensively studied of any che-

moautotrophic symbiosis. S. reidi abound in some polluted °

environments, such assites associated witheffluent from paper
mills s and the Los AngelesHyperion Sludge outfall.** Sulfide
levelsin “these very rich substrates can get quite high and S.
reidi has been collected from muds with interstitial water sul-
fide concentrations as high as 22 mM, although the clam is
more abundant in muds where the interstitial water sulfide
concentration is between 50 and 500 uM.*° Its large Size (up
to 5 CM in total shell length) and gutless condition suggest that
the symbionts may be important to the clams nutrition, which
all of the available evidence suggests to be true. This symbiosis
was first recognized through the presence of enzyme activities
associated with chemoautotrophy*' and the visualization of the
symbioats by transmission electron microscopy. ' Subsequent
work has demonstrated that sulfide oxidation eccurs in animal,
not bacterial, tissues*® and that the clam’s mitochondria cart
generate ATP from this oxidation.** Anderson et al.* have
demonstrated net carbon dioxide uptake by intact S. reidi in
the presence of moderate sulfide (50 to 100 uM) or thiosulfate
(>225 pM) concentrations. This implies that there is at least
the potential for folly autotrophic growth (with respect to car-
bon) in this association. The lack of suifide oxidase activity
associated with the symbiotic bacteriain sin®® and measure-
ments of blood thiosulfate levels under various conditions has
led to the hypothesis that sulfide is oxidized to thiosulfate by
animal mitochondria and then the non-toxic thiosulfate is trans-
ported to the symbionts where it is further oxidized to sulfate,
fueling chemoautotrophic carbon fixation. "Using immuno-
logical methods, Cavanaugh et a. # have demonstrated that
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RuBPC/O is restricted to the symbionts in S. velum, a fact
which autoradiographic analysis of short term incubations of
S. reidi in NaH'“CO, indicate is most likely the ease for that
species as well.”® Transfer to symbiont-fixed carbon to host
tissues has been demonstrated by Fisher and Childress,** using
two different C-14 tracer techniques. Thekinetics of the carbon
transfer indicates that the symbionts translocate a portion of
the carbon they fix to their host in a manner analogous to the
well-studied algal-invertebrate associations.?* The possibility
that digestion of symbioats also contributes to the nutrition of
the host cannot be ruled out and is in fact suggested by the
presence of' ‘myelin-like”” structures in the gill cells, as similar
structures in other symbioses have been suggested to be ly-
sosomes containing the remnants of bacteria digestion. ** The
8'3C values of paired gill and non-gill tissue from four §. reidi

were very close although the gills were consistently about 1%e
more negative than the non-gill tissue (average 32%o) (personal
communication, J. M. Brooks, Texas A & M University).

Similar 8**C values have been repotted for gill and foot tissue
of S. velure. ** These 8'*C values also support a significant

input of bacterial carbon to the host (although one can't dis-
tinguish between free-living and symbiotic chemoautotrophic
carbon on the basis of isotopes alone) while suggesting addi-
tional input from ancther source (see Section U. C).

d. THYASIRIDAE

The Thyasiridae are closely related to the lucinids; both are
in the same superfamily, the Lucinacea. There are many sim-
ilarities between these two families, including their habit, gen-
eral shell morphology, reduced gut and labial palps, €longate
burrowing foot, and often thick fleshy gills. The percent of the
body wet weight accounted for by gill tissue has been deter-
mined for two species of thyasirid. In Thyasira sarsi itis 38.7
+ 4.5% and in T. flexuosa 30.6 £ 5.6%.” Unlike the lucinids,
not all thyasirids harbor symbiotic bacteria in their gills and
in fact one species, Thyasira equalis, harbors only small num-
bers of symbioats in its gills and seems intermediate between
the symbiotic and aposymbiotic species of this family.*® Also
unlike the lucinids, and all other bivalves with chemoauto-
trophic symbioats, the symbionts in these clams do not appear
to be intracellular (Figure 13). '* Reid and Brand'® have sug-
gested that the ancestral lucinacean contained symbiotic che-
moautotrophs and their absence in the Ungulidae and some
thyasirids represents a secondary 10ss. If Southward's inter-
pretation of the extracellular |ocation of the symbioats in the
thyasirids is correct (which it appears to be) then rather than
a secondary loss, this may represent a more primitive type of
symbiosis than the highly integrated, intracellular, jucinid
associations.

The thyasirids are small (mostly <1.0 cm) burrowing biv-
alves, typically found in fine sediments. Free sulfide levelsin
their habitat are often less than 1.0 uM.* Their burrows are
basically similar to lucinid burrows (Figure 7), but differ in
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several ways: the incurrent tube iS semi-permanent (unlike Lu-
ci ni ds which construct new ones every few days); their burrows
have no excurrent tube to the surface; and they construct a
more elaborate network of narrow tunnels radiating out from
their living chamber than do the tucinids. s2.162 Due to similar-
i ties in habit and habitat to those of the lucinids, the same
hypotheses have been advanced to explain how these bivalves
acquire reduced sulfur species to fuel chemoautotrophy (see
section on Lucinidae preceding). Southward’'s' suggests that
these clams may take up reduced sulfur species across their
vermiform foot from the underlying sediments(as suggested
by others for lucinids),”'™ although she notes that the sym-
bionts' proximity to the external environment Suggests that
direct uptake of such compounds by the symbionts is likely.

As mentioned, the thyasirid symbionts do not appear to be
intracellular. Although some authors disagree!*1%! South-
ward’ s micrographs are quite convincing (Figure 13 A, B). '¢
Both Herry and Le Pennec'®* and Reid and Brand'* state that
the symbionts are located in a single large vacuole in the apical
edge of the bacteriocyte, but neither the vacuolar membrane
nor alimiting eell membrane is visible between the symbionts
and the external environment in their micrographs and |, there-
fore, must agree with southward that the symbionts are extra-
cellular. The symbionts are located in an “apical mass’ over
specialized cells on the lateral surfaces of the inner portion of
the gill filaments. The bacteria are contained under a thin
cuticle which is made up of the tips of microvilli held together
by a glycocalyx. The microvilli are on thin branched extensions
which arise from the apical membrane of the cells. Southward
defines a thyasirid *bacteriocyte’” as consisting of the under-
lying cell, the bacteria, and the overlying cuticle. The sym-
bioticbacteria are occasionally endocytosed by the bacteriocyte
cells and are visible in some micrographs, in phagosomes, in
various stages of digestion. There are occasiond ciliated cells
and mucocytes interspersed with the *‘bacteriocytes’” on the
lateral surface of the gill filaments. The bacteria volume of
the “‘bacteriocytes’” varies even within a single individ-
ual. '39! According to Herry and Le Pennec! the bacterial
volume varies from %, of the bacteriocyte volume in the largest
cells which are located near the ciliated distal edges of the
filaments, to a single row of bacteria under the microvilli in
flattened cellsin the central portion of the filaments. All these
authors agree that the close proximity of the symbionts to the
external environment may facilitate the uptake of bacterial sub
strates from the” surrounding séawater.

The symbionts of the thyasirids are rod shaped bacteria tang-
ing in diameter from 0.18 to 0.5 pm and in length from 0.5
to 2.0 wm. There appear to be at least three morphological
types of bacteria present in bivalves from this family. ' The
symbionts of the shallow water species Thyasira flexuosa, T.
sarsi, and apparently T. gowuddi (well preserved material has
not been examined) are 0.4 to 0.5 wm in diameter and 2 pm
long.'= The symbionts in Herry and Le Pennec's micrographs
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FIGURE 13. Thyasirid ‘bacteriocytes’” and symbionts. (A) Thyasira sarsi. Detail of cuticle of 1 bacteriocyte (B) Thyasira sarsi.

Of T. flexuosa' are very similar o those shown in Southward'®
but appear dightly smaller. There are periplasmic spaces vis-
ible in electron micrographs of these symbionts which probably
represent extracted elemental sulfur.>’#-!€* Another shallow
water thyasirid, T. equalis, contains few symbionts and these
aresmaller rods (0.2-0.3 wm X -0.5 wm) with no periplasmic
spaces. TWO undescribed deep Water species of thyasirids each
contain two distinct morphological types of symbionts (Figure
13 C). ' Both symbionts in these deep water species are unlike
those found in the shallow water species and neither contains
elemental sulfur. ' The presence of two distinct symbioats in
a single individua may be a reflection of the fact that these
associations arc not as selective as the more integrated intra-
cellular hscinid associations. The energy source for the sym-
bionts of these deep water species is currently in question. 103

€. VESICOMYIDAE

The Vesicomyidae area deep-sea family of bivalves. ' All
of the species which have been examined of the two genera,
Calyptogena and Vesicomya, contain intracellular symbiotic
chemoautotrophic bacteria in their large fleshy gills. The gills
account for 13 to 22% of the body wet weight of C. magnifice,
and the blood accounts for another 24 to 44%. ™ Elemental
sulfur has been demonstrated in the gills of all vesicomyids

1980

*‘short bacteriocyte'’.
b, bacteria; c. cuticle; 0. nucleus. (C) Unidentified thyasirid (T1). TWO types Of subcuticutar , symbiotic bacteria (b, and b,) in hospite. (Figures (A) and
(B) from Southward'® with permission. Figure (C) compliments of Dr. E. Southward.)

which have been examined for its presence. ':3:¢'-73% The
vesicomyids are characterized by large fleshy gills, a short
simple gut. small labial palps, and a reduced feeding groove
on the ventral margin of the gills, 166:170-192.1%

Veaicomyids have been collected from a variety of habitats,
all apparently characterized by at |east moderate levels of sul-
fide contained in, or issuing from, the substrate. These habitats
include hydrothermal vents, subduction zones, saline seeps,
hydrocarbon seeps and other deep-sea reducing sediments (Ta-
ble 5). All vesicomyids have been collected from soft substrates
and are infaunal burrowers, '™ although both C. magnifica and
C. phaseoliformis have also been found as an epifaunal nestler
on hard substrates at some sites. 177197201

Vesicomyids have an abundant blood in aclosed circulatory
system The blood of C. magnifica accounts for an average of
33.7% (n = 22) of the wet weight of the clam™ and contains
amoderateoxygen affinity hemoglobin in erythrocytes and an
extracellular sulfide binding component which can accumulate
sulfide from the environment by a factor greater than an order
of magnitude.®$ Experiments with C. elongasa, C.” ponderosa
and Vesicomya cordata indicate that their bled has similar
properties and can also accumulate sulfide from the environ-
ment (personal communication, J. J. Childress, University of
California, Santa Barbara; A. J. Arp, San Francisco State). It
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Table 5
Collection Sites of Living Vesicomyidae
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) Collection
Collectioa Site Species Ref.
Hydrothermal vents
Galapagos Rift Calvptogena magnifica 2400-2700 m 79,193
21°N East Pacific Rise C. magnifica 2600 m 177
Guaymas Basin Vesicomya gigs< 2667 m 195
Juan de Fuca ridge C. pacifica 1%
Subduction zones
Oregon C. magnifica 2036 m 59
Nankai, Japan and Kurile trenches C. phaseoliformis 5600—6000 m 197, 205
Nankai, Tenryu Canyoa C. nautilei, C. laubieri, C. kaikoi 37S0-4020 m 198, 201, 205
Cold seeps
Gulf of Mexico, hydrocarbon seeps C. rosa, V. cordaia 600—940 m 77.200
Florida escarpment, saline seeps C. Sp. 3266 M S8
Other sites
San Diego fault veats v. gigas® 17S0 m 31.202
Santa Barbara Changel, CA C. elongara 500m 88, 193
Southern CA to Alaska C. pacifica 55—1244 m 193, 199
Sagami Bay, Japan C. soyoae 750-t 100 m 203
Caribbean Sea C. ponderosa 421—1767 m 193
66 miles Off Cotombia C. modioloforma 42641 M 193
British Columbia Canada to N. CA C. kilmeri 549-1464 m 193
Sagami Bay, and Coast of Japan Akebiconcha kawamurai® 2200 M 193, 204

* R. Turner. Harvard. pegs. comm. ., previousty identified as C. pacifica. .1z

* Taxonomy in dispute, may be equal 1o C. sovoge. '#4%

has been hypothesized that C. magnifica takes up sulfide across
its foot (which is Well vascularized and supplied with blood)
and transports the sulfide in the blood to its symbionts in the
gills. while oxygen and CO, are taken up across the gills from
the ambient sea water.?* This hypothesis was based on what
was known about the physiology of the animal and observations
of the clam in situ at 21 °N hydrothermal vent site (in 1982)
where it occurs nestled in cracks from which vent water is
slowly issuing (Figure 14). During the Galapogos 1985 hy-
drothermal vent biology program inteasive in Siru chemical and
temperature measurements were made around the clams at the
Rose Garden hydrothermal vent. »2* At Rose Garden €. mag-
nifica isfound nestled in cracks. or at the base of clumps of
Bathymodiolus thermophilus in areas of relatively slow vent-
ing. Measurements made around and adjacent to the clams
indicate that their feet are inserted into warm waters with sulfide
concentrations as high as 40 aM and their siphona are normally
bathed in ambient bottom water, which contains no detectable
sulfide and abundant oxygen.™ Thus, in siru chemical mea
surements made in 1985 support the hypothesis made several
years earlier. As pointed out next, it seems likely that this basic
method of acquiring sulfide and oxygen simultaneously (sulfide
through the foot and oxygen through the gills) is used by al
other vesicomyids as well.

Calyptogena ponderosa and Vesicomya cordata are tWo ves-
icomyids found on the Louisiana slope associated with hydro-
carbon seep sites, and like all other vesicomyids examined

contain endosymbiotic chemoautotrophic bacteria. “These
clams burrow through the surface of the soft substrate in their
environment, leaving characteristic trails (of up to 205 cm)
hehind them (Figure15A).*® Similar trails have been reported
for the vesicomyids discovered in the subduction zone of Ja-
pan.?' | suggest that while burrowing through the substrate
the foot is exposed to sulfide in the reducing environment, and
the siphons are extended in the overlying sea water to obtain
oxygen and carbon dioxide. In fact this mobile mode of life
may be an effort to provide a constant source of sulfide for
the endosymbionts from an environment where the sulfide is
not replenished in any given ares fast enough to meet the clams’
needs. Further evidence of this living bridge between the two
environments can be seen in examination of the shells from
freshly collected living specimens of C. ponderosa (Figure
15 B). On the external surface of the shells, on the margin
where the siphons extend, there are normally a few aerobic
encrusting organisms. These organisms are absent from the
portion of the shell which is buried in siru. Also on the outside
of the shell is an orange line (probably iron oxide deposits) at
what would be theinterface between the substrate andoverlying
sea-water. On the inside of the shell of freshly collected ani-
mals, opposite the orange line on the outside of the shell, there
is a jagged dark black line. This black line ia evidently a
reduced substance in the shell as it disappears within a few
days after removal of the living tissue (and exposure of the
shell to air).
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FIGURE 14. Calyptogena magnifica. (A} In situ photograph from the **Clam
Actes™ ste at 21°N on the East Pacific Rise. (A. Arp photographer.) (B)
Schematic representation Of C. magnifica in simu. (From Arp et al.®%)

Colonies of vesicomyids were also observed and sampled iss
the Japan subduction zone at depths up to 5960 m. These
colonies were oval in outline, up to 60 cm in the longest
dimension, and rough density estimates®! suggest some col-
onies (** nurseries with relatively small individuals**) may con-
tain as many as 1000 to 2000 individuals/m *. Reports of the
orientation of the clams in situ are similar to the reported
orientation of the vesicomyids on the Louisiana slope and C.
elongata .20t however their densities are considerably higher.
Positive temperature anomalies of 0.2 to 0.6°C within the sed-
iments indicate that these colonies may be the site of localized
channeling of h ydrothermal fluids to the surface, an observa-
tion which may explain the high densities of clams at these
Sites.

C. elongata is another vesicomyid which apparently uses a

Aquatic Sciences

1990

similar method for the simultaneous acquisition of sulfide and
oxygen. We have collected C.elongata by trawling from re-
ducing sediments at the interface between deep anoxic waters
and overlying oxic waters (550 to 570 m) m the Santa Barbara
Channel. These small elongate vesicomyids orient themselves
vertically in the substrate with the anterior two thirds of their
shell buried in the reducing mud. These vesicomyids are aso
able to bridge the oxygen sulfide interface by extending their
foot into the substrate while positioning their incurrent siphon
in the overlying sea-water. Again, evidence of their orientation
in sity is provided from examination of their shells (and by
their behavior in the |ab-story: personal observation). No per-
iostracum remains on the portion of the shell which is buried
in the substrate but it is clearly evident on the posterior one
third of tbe shells of freshly collected living specimens (per-
sonal observation). Thus, in all of these vesicomyids sulfide
and oxygen are apparently acquired simultaneously, sulfide
through the foot and oxygen across the gill.

Methanotrophic Symbioses have been suggested for several
species of vesicomyids based on measurements of tissue
§13C. ¢! However, baaed on our present general knowledge
of vesicomyid physiology and ecology, information concerning
the specific habitats involved and current information about
rhe species in question, there is no reason to postulate a new
type of association in a family of clams highfy evolved for
chemoautotrophic (sulfur-oxidizing) symbiosis. As discussed
in Section L. C., stable carbon isotope values of animal tissues
can be misleading, due to the variety of pathways which may
lead to the same isotopic “signature.” The first suggestion of
a methanotrophic symbiosis in a vesicomyid was made by
Ktdm et al.*® for Calyptogena magnifica collected from the
Oregon subduction zone, basal on a8'C value of — 51.6%o
for gill tissue and - 35.7%e for periostracum. The blind of
this species accumulates sulfide and does not bind methane.*¢
Thisis important because in the absence of a methane accu-
mulating and transport system in the clam, high concentrations
of methane would be squired to support the dense populations
of symbionts in the gills. Enzyme activities in the gills of C.
magnifica collected from other sites indicate the presence of
Chemoautotrophic sulfur-oxidizing symbionts, and the gills also
contain appreciable amounts of elemental sulfur.™ According
to Kufm et al.* the pore watera in the sediments around the
clams show “‘nutrient patterns characteristic of microbial sul-
fate reduction’” (which would include elevated sulfide con-
centrations) and only slightly elevated methane (the highest
measurement Was 418 nl/l or 0.02 M in bottom waters). They
also calculate that as much as 30% of the tota CO,(ZCO,)
in interstitial waters results from microbial decomposition of
methane. This implies a ZCO, significantly depleted in**C
and when cembined with the well known discrimination against
3C by chemoautotrophic mircoorganisms, provides 8, more
reasonable (and well documented) explanation for the measured
C. magnifica tissue 8"*C values symbiotic sulfur oxidizing
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FIGURE 15. (A) Vesicomyid trails on the Louisiana Slope in the Gulf of
Mexico at approximately 1000 , depdh. (Photograph by L MacDonald.) (B)
Calyptogena ponderosa. Shell with living tssue freshly removal. Note dark
line on inside of valve which dissppears within 24 after exposure 1o aif. Arrow

position of ge line on external surface of shell. Note encrusting
organisms in area Of exhalent opening. (Photograpt by G. Boland.)

bacteria using isotonically light pore water CO; as a carbon
sQurce .

Methanotrophic symbioses have also been suggested for
‘the vesicomyids discovered on the Japan Subduction
Zone.51-201.:2%5.2% Opee again this was based on the presence of
methane in the sediments and overlying waters, and the stable
carbon isotopic composition of the clam tissues (-37.8 to
— 40.1%0 for soft tissues and -1.7 to - 6.4%0 for shells).”
Thereis also evidence for asulfide based symbiosis in these
clams given in the same papers. Boulégue et al.*! report the
presence of elemental sulfur in the gills and show micrographs
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of symbionts which are morphological y similar to those found
in documented sulfur-based vesicomyids. These features were
also noticed in a more in-depth ultrastructural study of the gills
and symbionts of these vesicomy ids, '* and those authors con-
clude that a sulfur based symbiosisis much more likely. Bo-
ulégue et al.®' aso calculate that the 8! *C of ZCQ, is between
-10 and - 30%e in the sediments below the clams, but ase
apparently unaware of the discrimination against “C by
chemoautotrophs® because they site this as evidence against
CO, being the carbon source for the clams. when in fact it
supports that probability. Finally. similar 8'*C values have been
reported for C. magnifica ( -31.4 t0-34.4%4), C. ponderosa
(—31.2t0 -39.1%) and V. cordata (-36.3 to -39.8%) all
of which contain chemoautotrophic sulfur-oxidizing sym-
bionts 377-?

Vesicomyid gill lamellae are composed of numerous fila-
ments which are connected by inter-filamental bridges and ase
ciliated on their external surfaces. Adjacent filaments are sep-
arated distally and their lateral surfaces are composed entirely
of bacteriocytes with occasional intercalary cells. A complete
description of the ultrastructure of the gills of C.magnifica
and the Yapanese subduction zone bivaives C. laubieri and C.
phaseoliformis can be found in Fiala-Médioni and Mﬁivisa‘c“f
sutd Fiala-Médioni and Le Pennec s+ respectively. The
teriocytes are covered with microvilli on their external face
and are titerally packed with bacteria, with numbers of bacteria
per host vacuol e ranging from one to several. A diagrammatic
representation of a bacteriocyte is shown in Figure 16. This
general arrangement of symbiotic bacteriain vacuoles located
throughout the bacteriocytes with abasal nucleus and few other
organdies other than abundant lysosomes seems to hold for

FIGURE 1S. schematiC represeatation of typical vesicomyid bacteriocyte.
b, bacteria; bi, blood lacuna; bm, basal membrane; h, hemocyte: L, lipids;

Ls, lysosomes; mv, microvilli, 0 . nucleus. Fiala-Mé&dioni and Le Pennec. ™
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all of the vesicomyids examined-"(pers.obs of C. ponderosa
and V. cordata). Fiala-Médioni and Le Pennec™ syggest that
[his ultrastructure represents a more advanced (highly inte-
grated) symbiosis than that found in hydrothermal vent mytil-
ids, citing mainly the relative absence of cellular organelles
and preponderance of bacteria in vesicomyid bacteriocytes, and
the difference in particulate feeding ability between the two
groups for this hypothesis.

The bacteria in all vesicomyid species examined are mor-
phologically simifar. The symbionts are small (<1 pm), po-
lymorphic, contain elemental sulfur deposits. and areabundant
throughout the cytoplasm of the host cell (Figure {7), 173688164156
Division stages of the symbionts are often apparent.!-!4.16¢

2. Gastropoda
A chemoautotrophic symbioses has recently been described
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in agastropod collected from hydrothermal vents atthe spread-
ing center of the Mariana Back-Arc Basin. “The gastropod.
Alviniconcha hessleri, was the dominant organism in the warm
water of the flourishing hydrothennal-vent community at the
“Snail Pits” site at 3670 m. “’.> Tbe shell of this gastropod
ranges up toabout 5 cm in length and is covered with spiraly
arranged periostracal hairs.2” The hypertrophted gills account
for about 40% of the body wet weight and harbor abundant
symbiotic bacteria. The symbionts are intracellular and in the
published micrographs appesr to be normally enclosed singly
in host vacuoles, although vacuoles with more than one sym-
biont can be seen at the base of the bacteriocytes. The outer
surface of the bacteriocytes are covered with microviili and
intercalary cells are not evident in the published micro-
graphs.?® The dominant symbionts are rod-shaped Gram-neg-

ative bacteria, up to about 5 pm in length and apparently

FIGURE 17. Calyptogena ponderosa. Transmission electron micrograph of section through a gill bacteriocyte showing many polymorphic symbiotic

bacteria.
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contain elemental sulfur®™ 2 Enzyme activities. elemental
sulfur levels. and the bacterial morphology all support the
contention that the symbionts are chemoautotrophic.**® Those
authors**" found NO activity of methanol dehydrogenase in the
frozen samples of gill ussue. However Ohtaetal.*'* recently
reported on the presence of asecand morphological type of
symbiont in the snail's gills which resembles the symbionts
found m the described methanotrophic symbioses. '2-'¢-1® The
second morphological type of symbiont isrelatively rare. and
evenif it Ismethanotrophic, may not be abundant enough for
methanol dehydrogenase to be detected in gill homogenates.
Bacterial colonization of, and endocytosis of the bacteria by
the gill of an archaeogastropad limpet, Leptodrilus fucensis?'?
from the Juan de Fuca Ridge hydrothermal vents was described
in 1984.> Anatomical studies suggest a functional gut. worn
radula, and the ability to feed on suspended particles as well. 23
There is no evidence at this time. other than their habitat. that
the epibionts are chemoautotrophic. De Burgh and Singla®'*
pOStulaIEthat this species might represent an intermediate stage
in the establishment of a symbiotic association, and it is men-
tioned here because of these possibleevolutionary implications.

IV. METHANOTROPHIC SYMBIOSES

Methanotrophic (or methylotrophic) symbioses have now
been well documented in three species of marine invertebrates
an undescribed mussel found associated with hydrocarbon (and
methane) seeps on the Louisiana Slope; '2-*! a different undes-
cribed mussel collected from the vicinity of hypersaline seeps
at the base of the Florida Escarpment, '*7 and a recently de-
scribed pogonophoran, Siboglinum poseidoni, collected from
the central Skagerrak. 1613 Location and yltrastructure Of the
symbionts in their host tissues are described in the preceding
sections dealing with the host groups. As previously pointed
out the ultrastructure of the symbionts in these symbioses is
unique (Figure 10) and provides independent supporting evi-
dence of the methanotrophic nature of the symbionts. Ttre same
types of evidence used to demonstrate achemoautotrophic sym-
biosis cart be applied to the demonstration of a methanotrophic
(or methylotrophic) symbiosis, astd like chemoautotrophic
symbioses asingle line of evidence is not sufficient to conclude
that a given symbiosis is methanotrophic. The distinction made
here between methylotrophic and methanotrophic symbionts
stem from the fact that the enzyme which catalyses the oxi-
dation of methane (methane mono-oxygenase) isunstable when
frozen.*'¢ and therefore demonstration of methanotrophy (ver-
sus just methylotrophy) requires living material or fresh tissue.
Since neither enzyme assays or other relevant experiments have
yet been conducted using fresh tissue, or live Florida Escarp-
ment mussels, one cart only conclude that this mussel ismeth-
lotrophic, '® although the abundant methane in its environment
and its stable carbon isotopic content would suggest it is meth-
anotrophic as well.”
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The first enzyme in the oxidation of methane by methano-
wophic 0rganisms Is methane mono-us genase (EC 1.14.13 25).
As noted above this enzyme is vers labile®'® and it has not
been directly demonstrated in any of the methanotrophic sym-
bioses (only frozen tissueshavebeen assayed). However, ac-
tivity Of methane mono-oxvgenasecan be inferred in wwo of
the described symbioses because oxidation of methane by iso-
lated tissues and whole animals has been documented.t221.134
Oxidation of methane has been demonstrated using two dif-
ferent methods. Consumption of methane (with concomitant
increase in oxygen consumption and CO, production) from sea
water around isolated gill pieces and live mussels has been
documented for the mussel from the Louisiana Slope using gas
chromatographic analysis of the dissolved (unlabeled) gases.
Oxidation of “C-methane to '“CO, and *“C-organic carbon has
been demonstrated in gill tissue from the same mussel?' and
for both whole animals and homogenized tissue from the po-
gonophoran. '* When oxidation of methane cannot be docu-
mented (such as when only frozen and preserved tissues are
available for study)** then activity of methanol dehydrogenase
can be assayed. Methanol dehydrogenase (EC 1.1.1.1) cata-
lyzes the second step in the oxidation of methane, the oxidation
of methanol to formaldehyde. and is found in all methano-
trophic and methylotrophic organisms.?'” This enzymeis stable
when frozen and activity of this enzyme indicates the presence
of methylotrophic symbionts'® and supports the presence of
methanotrophic symbioats. *'

There are two main pathways of carbon assimilation in meth-
ane oxidizing organisms. Type | organisms assimilate carbon
at the oxidation level of formaldehyde by the ribulose mono-
phosphate pathway and Type I organisms use the serine cycle. 2
Cavanaugh et af. ” found high levels of activity of hexulose
phosphate synthase (a key enzyme in the ribuiose monophos-
phate pathway), and variable or no activity of two enzymes of
the serine pathway in the Florida seep mytilid. This supports
the contention that the major symbiont in the Florida seep
mussel is a Type I methanotroph, a fact which is further sup-
ported by its morphology. interestingly, morphology typical
of Type I methanotrophs (Stacked internal membranes) has
been documented in all three of the documented methano-
ﬂ'Opth symbionts. 12.18.134

In methanotrophic symbioses the distinctive carbon isotope
“signature” is a reflection of the isotonically light carbon
source (methane) utilized by these organisms. Both biotic (bio-
geaoic) and abiotic (thermogenic) processes that produce meth-
ane discriminate heavily against 13C which results in distinctive
isotopic “signatures’” for methane. Thermogenic methane $**C
values are typical >- 50%e and biogenic methane (produced
by methanogens) 5**C valyes arc typically < — 50%..2'*2° There
has been little published on isotopic fractionation of carbon
from methane into cell carbon by free-living methanotrophic
and methylotrophic organisms. The few numbers in the
literature?**222 indicate that this fractionation is relatively small
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(—2.310-36% <) and the §''C of microorganism s using meth-
ane as a carbon source therefore basically retlects the source
methane 8''C. This appears to hold true for all of the currently
described methanotrophic symbioses.” ™ *™ The 8'*C vuatues
for the Flonda seep mussel (- 74.3 =2.0%. n = 10)and
the pogonophoran (=736 and — 74.4%¢) reflect the biogenic
methane m  their environments. *”* When the methane in a
bubbling gasstream and the mussels living adjacent to it were
both analyzed. the mussel &§'’C(—40.6%c) very closely re-
flected the 8'°C of that methane stream ( — 41.2%0).>

The ability of the Louisiana Slope mussel to grow with
methane as sole carbon and energy source has recently been
demonstrated. Cary et al.®® used alaser diffraction apparatus
to measure shell growth insmall (<2 cm) mussels. They report
growth rates increasing from zero to up to 17.2 pmvd in re-
Sponse to methane.

Methanotrophic symbioses have been suggested in several
other hosts from two other habitats based solely on the stable
carbon isotope” valuesin the animals tissues and the presence
of slightl y elevated methane in the environment, #9-61.201.208 The
case for the vesicomyid clamsis discussed in Section [11.E.1.e.
of this review. A vestimentiferan (Lameilibrachia barhami)
from the Oregon subduction zone has also been suggested to
contain methanotrophic symbionts based on its §°C value of
-31. 9%e.* Arguments against the proposed methanotrophic
symbiosis and an aternative explanation for the 8*C values
in this worm are essentially the same as those given for the
vesicomyid clam from the same environment. Additionally,
8'*C values ranging from -27 to — 47%< have now been re-
ported in the two species of veatimentiferans (one of which is
in the same genus) from the Louisiana Slope, and Escarpia
laminata from the Florida escarpment, al of which harbor
confirmed chemoautotrophic  sulfur-oxidizing  sym-
bionts,*-7-757 and all of which come from environments with
elevated methane concentrations. -*** Furthermore this same
species has been collected from the San Diego Trough and
shown to harbor chemoautotrophic (suifide oxidizing) sym-
bionts. *1-* Clearly the stable carbon isotope values alone are
not sufficient to demonstrate a methanotrophics ymbiosis. es-
pecially in Vestimentiferan, a phylum of worms highly adapted
for sulfide-oxidizing symbionts.

V. EVIDENCE FOR NUTRITIONAL
EXCHANGE BETWEEN SYMBIONT AND
HOST

Ever since the discovery of chemoautotrophic symbiosesin
the major sessile hydrothermal vent fauna. investigators in the
field have hypothesized that the symbiotic bacteria are con-
ributing to the nutrition of their hosts. A large amount of
indirect evidence has been compiled over the last ten years
which supports that hypothesis for a variety of symbioses.
However, very little direct evidence of nutritional transfer from
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symbiontto host has been published and in Most cases the
details of nutritional tnteracuons within the symbioses are va.
gue a best. Indirect evidence supporting the hypothesis that
the symbionts contnibute to the nutntion of their host fals into
four categories: host anatomy. host habitat. stable 1sotope con-
tents of animal tissue, and ultrastructural studies of the sym-
biont-containing tissues.

Marty of the hosts of chemoautotrophic symbionts havelost
the ahility to feed by conventional means. Aduit vestimenti-
ferans, pogonophorans, a variety of other interstitial worms,
and several spectes of bivalves have no gut, mouth, or
anus.%%-13-147.152.181.184 \|ogt of the other bivalves with che-
moautotrophic symbionts have substantially reduced guts, la-
bial palps, and associated structures for particulate
feeding. **.“."0 Before the discovery of chemoautotrophic
symbioses, experimental evidence suggested that the smaller
pogonophorans could potentially live on DOM alone, due to
their small size and large surface to volume ratio. *¥!% How-

ever, this mode of nutrition was clearly inadeguate for the

larger gutless vestimentiferans and gutless clams like So lemya
reidi. The discovery of chemoautotrophic symbionts in these
gutless species (and other species with reduced particul ate feed-
ing ability) provided an attractive hypothesis for the nutrition
of the intact symbioses, but anatomical considerations are only
circumstantial evidence for this hypothesis.

Another line of reasoning supporting the hosts' reliance on
their symbionts for nutrition is the distribution of the hosts.
They are only found in reducing environments which can sup-
port symbiont chemoautetrophy . Since these environments are
often quite hostile (with elevated levels of hydrogen sulfide)
there must bean overwhelming reason to occupy these habitats.
Studies on Bathymodiolus thermophilus (the hydrothermal-vent
mussel) indicate that the host condition is worse in mussels
collected from peripheral vent environments (compared tomus-
sels collected from central vent environments) and deteriorates
in animals experimentally removed from contact with vent
wa(er'd.ﬂl

The stable carbon and nitrogen isotopic contents of che-
moautotrophic symbioses provide some vety compelling cir-
cumstantial evidence for nutritional carbon and nitrogen transfer
from symbiont to host. This topic has recently been reviewed
by Southward'® and | only briefly cover it here. When paired
samples of symblont-containing and symbiont-free tissues from
a particular host are compared, inferences cart be drawn con-
cerning nutritional exchange between partners. This type of
analysis is possible because Of the distinctive “isotopic sig-
natures”’ of chemoautotrophic and methanotrophic organisms
(see Section HOI. C ). This approach has been used to infer
nutritional interactions, at different levels, in a number of che-
moautotrophic and methanotrophic symbiotic associations, in-

cluding vestimentiferans,™*-** pogonophorans,’ *** and a variety

of bivalves, 7-12-34 4355 7995.162 However. it is nOt appropriate 10
use this technique for quantitative analysis of the input of
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svmbiont derved organics (cf. References 95 and162). be-
cause free-living chemoautotrophs or methanotrophs found in
the hosts environment would have similar isotopic *‘signa-
tures’” to the symbionts. as would dissolved organic carbon
derived from free-1i ving methanotrophs and chemoautorrophs.
ft1s. therefore, impossibleto distinguish berween these three
sources of organic carbon and nitrogen by this technique. This
1snot a minor consideration because the possibility of free-
living chemoautotrophs becomes a probability in most of the
environments where chemoautotrophic and methanotrophic
symbioses are found. However, one can sometimes determine
minimum values for the input of non-chemoautotrophic carbon
using stable carbon isotopes. Comparison of the *C vaues
of isolated symbionts and symbiont-free host tissues led Cary
etal.®® to conclude that at.least 25% of the organic carbon in
Lucinoma aequizonara is not provided by the symbionts.

Host anatomy, distribution. and stable isotopic composition
of host tissues, all suggest that the symbionts are contributing
to the nutrition of their host but do not suggest what the mech-
anism of this interaction might be. There are two obvious ways
whereby organic compounds synthesized by the symbioats could
be utilized by the host. Either the symbioats could translocate
a portion of the carbon and nitrogen they incorporate across
their cell waifs and into the host in a manner analogous to
many algal-invertebrate associations®? or the host could digest
its symbionts. If ahost receives only translocated organic car-
bon compounds from its symbionts (and does nor assimilate
digested symbionts) then that host may also need additional
feeding strategies to procure essential amino acids, essential
fatty acids, and other compounds which it cannot synthesize
for itself. Thisis because it is unlikely that a symbioat which
is permeable to all of these compounds could survive. De-
pending on the specific compounds transiocated from the sym-
bionts, the host might also require a source of bulk nutritional
nitrogen. 2% Ultrastructural studies suggest that digestion of
the symbionts occurs in a variety of chemoautotrophic sym-
bioses. Both Bosch and Grassé!''® and Hand™ report *‘devel-
opment stages’ of bacteria withii lobules of the trophosome
in Riftia pachyptila. These stages include degeneration of the
symbionts towards the periphery of the lobules and digestion
of the symbionts in lysosomes, with resuitant ‘‘myelin-like
bodies’ (conceatric membranes inside of avacuole, which are
the remains of digested bacteria according to Bosche and
Grassé''®), Fiala-Médioni et a. ‘" report visible digestion of
symbionts in lysosomes in the hydrothermal vent mussel, Bath-
vmodiolus thermophilus (Figure 9D). Degenerate symbionts,
abundant lysosomes, and myelin like bodies have been re-
ported, or are visible in the published micrographs, of many
other intracellular chemoautotrophic symbioses and ate re-
viewed in previous sections.

Giere and Langheld'* describe a functionally similar pattern
for the extracellular, subcuticular symbionts of the oligochaete
Inanidrilus (= Phallodrilus) leukodermatus. Actively dividing,
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apparently healthy symbionts are_found in a peripheral, sub-
cutaneous ‘“zone of bacteria”' (Figure 6). Immediately below

this zone the host epidermal cells tend to encircle the symbionts
with long strands of cytoplasm. [n an inner **zone of lysis™"
the cytoplasm of the host epidermal cells often contains the
remains of degenerate, progressively lysed bacteria, and no
healthy bacteria are found in this zone. Similarly, Southward'é
describes phagocytosis of the extracellular symbionts of some
Thyasiridae by the underlying gill cells. Although the ultra-
structural evidence of bacteria digestion is compelling for a
variety of species, it must be emphasized thar these observa-
tions are static and no quantitative conclusions can be drawn
from micrographs, concerning the flow of organic compounds
from symbiont to host. This is especially true in the case of
vestimentiferans, where dividing symbionts are extremel y rare
(in electron micrographs), and ONE must wonder bow the “di-
gested” symbionts are replaced and what the time course is of
these phenomena (see Hand™ for further discussion). It is pos-
sible that limited digestion of symbionts may function in pro-
viding needed essential compounds and that their bulk organic
carbon needs are derived fromtranslocated organic compounds.

As indicated previously there is very little direct experi-
mental evidence of transfer of organic carbon from symbioat
to host. To my knowledge two such studies have bee-n com-
pleted. Fisher and Childress® reported transiocation of organic
carbon from symbiont to host in the gutless bivalve Selemya
reidi. The authors used two techniques to follow the flow of
“C labeled inorganic carbon into the symbioats, and the sub-
sequent transfer of **C labeled organic compounds to host
tissues. Based on the time course of transfer of labeled carbon
within the association, Fisher and Childress** conclude that the
syrbionts are translocating to their host about 40% of the
carbon they fixin the form of soluble organic compounds.
They do not, however, rule out the evenrual digestion of se-
nescent symbionts as an additional source of autrition for the
host clam.

Distel and Felbecks® examined the release of carbon fixation
products by freshly isolated and “purified” symbionts from
the lucinid clam Lucinoma aeguizonaza. Less than 5% of the
fixed carbon was found in the incubation media after incuba-
tions ranging from 7.7 to 60 min. Similar data have been
published for algae freshly isolated from invertebrate hosts.
However, when the algae are incubated under appropriate con-
ditions (such as in the presence of host homogenate and an
energy source for the symbionts) a substantial increase (often
up to about 60%) in translocated products is documented. 22
Therefore, the results of Distel and Felbeck®® must be consid-
ered inconclusive with respect to the magnitude of wanslocation
in this association.

Enzyme analyses and carbon fixation studies clearly dem-
onstrate that many of these associations have the potential for
high rates of chemoautotrophic carbon fixation. Cary et al.®
have demonstrated shell growth of a mussel with symbiotic
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methanotrophs using methane as sole carbon and energy source.
and the recent demonstration of ner inorganic carbon uptake
by Solemya reidf indicates that §. reidi has at least the po-
tential for being fully autotrophic with respect ta carbon. What-
ever the mechanism and details Of the nutritional interactions
m chemoautotrophic Symbioses. the various lines of reasoning
and evidence presented above support atight nutritional reli-
ance of most of these hosts upon their symbionts.

The study of chemoautotrophic and merhanotrophic sym-
biosesis still in its infancy, although great strides have been
made in the understanding of these associationsin the last ten
yeas-s. These symbioses have caught the interest and kindled
the imagination of hundreds of investigators all over the world.
The amount of literature published on these symbioses over
this short period of time testifies to the intellectual efforts
currently aimed at unraveling questions posed by these asso-
ciations. There is no doubt in my mind that in the interval
between the writing and publication of this review, both new
sites and dissociations will be discovered that lead to new in-
sights irno these symbioses.
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Recent discoveries on the northern Gulf of Mexico continental
slope have atered our understanding of biological and chemical
processes occurring in the deep ocean. A biological community of
hydrothermal vent-type organisms was recently discovered at the
base of the Florida Escarpment where the fauna are apparently
nourished by hydrogen sulphide-rich hypersaline water seeping out
onto the sea fioor. Dense coloaies of deep living chemesynthetic
benthic organisms were first discovered during investigations of
warm water anomalies along the axis of the Galapagos Rift ia the
Pacific Ocean in 19777, and this first discovery of clusters of
clams, tube worms and other filter feeders in the immediate proxim-
ity of warm water vents has beerr followed by the discovery of a
number of other hydrothermal vent sites, for example Guaymas
Basin, East Pacific Rise at 21° N. The dense population assem-
blages at these sites are apparently restricted to small areas of
the ecean floor where hydrogen sulphide-rich water is escaping
from spreading centres, but the Flerida Escarpment discovery
indicates that these communities can also exist on passive margins.
Here we report the discovery of dense biologica communities
associated with regions of oil and gas seepage oa the Louisiana
continental slope. These communities of large epi- and infaunal
organisms are similar to those associated with the vents of the
Pecific and the hypersaline brine seeps of the Florida Escarpment.
Carbon isotope analyses suggest that these communities are
chemosynthetic and derive their energy from hydrogen sulphide
and/or hydrocarbons. Similar communities may be widely dis-
tributed on the sea floor in other oil-producing regions of the ocean.

In July 1984, we reported the discovery of thermogenic gas
hydrates in marine sedinments from the Louisiana slopes. These
hydrates were associated with oil-stained cores similar to those
found at a nearby location®. Based on the widespread occurrence
of oil-stained cores (containing up to 15% extractable organic
matter) in the Green Canyon lease area (-27°-280 N and 90"-
92" W) and the flux of hydrocarbons into the overlying waters,
two benthic trawl samples were taken to determine the effect of
these hydrocarbons on the benthic communities (see Fig. 1 for
locations). Populations of hydrothermal vent type organisms
were recovered in both trawls including bivalves, gastropod
and vestimentiferan tube worms.

Our first trawl was taken near 27°40° N and 91°32" W at water
depths between 600 and 700 m just south of an area known to
contain oil-stained sediments and thermogenic gas hydrates®.
The site was chosen because of a large seismic ‘wipeout’ zone
where the stratifications of the sediments are masked (Fig. 2)
and the presence of a persistent oil slick at the surface (presum-
ably caused by sea bottom oil seepage). Coring of these seismic
wipeout zones in the Green Canyon area have consistently
recovered oil-stained, gas charged and/or gas hydrate-
containing sediments. The 10-m semi-baloon otter trawl was
on the sea bottom for ~60-min over a 3.5-nautical mile-long
track. This track crossed a ~2.0-n. mile-wide wipeout zone. The
first trawl contained 800 kg of bivalve and gastropod shells,
including both living and disarticulate bivalves ranging from
5 to 10 cm in length. The haul contained 30% living bivalves,
60% disarticulate bivalves and 10% living gastropod. Organ-
isms collected in our first trawl included the bivalves Calyptogena
ponderosa, Vesicomya cordata, Lucinoma atlantis and an uniden-
tified neogastropod. Both Calvptogena and Vesicomya contain
haemoglabin.
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Fig. 1 Trawl locations on the Gulf of Mexico slope

Fig. Z Acoustical record (3.5 kHz} along the track of traw! one.

Wipe-out zones represent areas of oil, hydrate and/or gas-charged

sediments. The wipeout zones are thought to be the locations of
the chemosynthetic ecosystems.

The second trawl (-27"45 N and 91"14' W) was taken in the
region where Anderson etal® previously repotted oil-stained
cores. Seismic data and additional cores obtained in this region
confirmed the occurrence of hydrocarbon seepage. The trawl
revered adistance of -2.5 n. miles and crossed a second seismic
wipeout zone. The trawl contained an entanglement of vestimen-
tiferan tube worms ( Lamellibrachia sp. ) with various gastropod
and bivalves. The vestimentiferans reeovered in the trawl were
-2.0 m long and up to 1 cm in diameter. The organisms in this
second trawl included Acesta bullisi, L. atlantis, Gaza fischeri
and the same unidentified neogastropod as retrieved in the first
trawl. Both trawls also contained significant numbers of crabs,
shrimp and fish that have yet to be identified. The tube worms
and gastropod recovered from these trawl sites are taxonomi-
cally different from those reported for the Florida Escarpment
and the Galapagos Rift. However, one of the vesicomyid clams
(C. ponderosa) collected at the first trawl site belongs to the
same genus as the clams found at the Florida Escarpment
(Calyprogena sp.), Galapagos Rift { Calyptogena magnifica) and
Guaymas Basin {Calyptogena pacifica).

Carbon isotope analyses were performed on selected organ-
isms to determine their food source (Table 1). Stable carbon
isotopes are useful in delineating the flow of carbon through
ecosystems as there is considerable evidence for minimal carbon
isotope fractionation along marine food chains’'®. Organisms
that feed on photosynthetically derived carbon from marine
algae have carbon isotope values ranging from -19 10— 21%
(Table 1 and ref. 11). Tissue from mussels recovered atthe



Table I Carbon isotope values (8Cin % relative to PDB) for organisms obtained from trawis on the Guif of Mexico continental stope

Comment |

Organisms Description Station
Geryon quingquedens Crab E-t
Bembrops gobioides Fish E-1
Synaphobranchus brevidorsalis Eel E-3
S. brevidorsalis Eel E-4
Bathypterois guardrifilis Fish E-4
Svraphobranchus oregoni Eel E-4
Nematocarcinus rotundus Shrimp E-4
Acanthephyra eximia Shrimp E-4
G. quinquedens Crab E-4
S. oregoni Eel c-1
G. quintquedens Crab C-4
Barhyvgadus macrops Fish w.2
Monomitopus sp. Fish W-3
Dicrolene sp. Fish W-3
Halosaurus gueatheri Fish W-3
Stereomastis sculpta Shrinp W-4
Calyptogena ponderosa * Cl a m 42
Lucinoma arlantis. clam 42
Unidentified neogastropod Snai | 42
Lamellibrachia sp. Tube womr flesh 43
Lamellibrachia sp. Worm tube 43
Nezumia aequalis Fisht 42
Monomitopus sp. Fish 42
Chaunax pictus Fish 42
Coryphaenoides colon Fish 43

Depth {m) §1C (%) Position

390 -17.2 28°24' N 85°5S" W
390 -17.8 28°24' N 85°58" W
840 -18.1 28"11. N 86°26' W

1.225 -19.2 28°07' N 86%5" w |

1,225 -18.6 28°07' N 86736 w

1,225 -19.5 28"07' N 86"36" W

1,225 -18.2 28°07"'N 86"36" W

1,225 -18.3 28°07' 2. 86”36’ U’

1,225 -19.3 28°07° N 86°36" w
345 -19.6 28°03' N 90°15" w

1,390 -17.4 27728 N 89°44" w
550 -~17.5 2725'N 93°19' W
790 -18.1 27°08° N 93°24°' w
790 -18.3 27°08' N 93°24' W
790 -17.5 27°08' N 93724" W

1,390 -17.0 26°44' N 93°19" w
600 -35.4 -353 2740 N 91°32'W  Seep area
600 -31.2 -33.0 27°40' N 91°32’ W Seep area
600 -31.5 27740 N 91'32' W Seep area
600 -27.0 27745 N 91"14" w Seep area
600 -28.1 27°45' N 91"14" w Seep area
600 -17.6 27"40' N 91°32° W Seep area
600 -17.9 27740 N 91°32° W Seep area
600 -17.9 27740' N 91°32' W Seep area
600 -17.2 27°45'N 91°14’ W Seep area

Carbon isotopes samples were prepared in a Craig-type combustion system with CO, determination on a Finnigan MAT 251 isotope ratio mass
spectrometer. Depths arc approximate as many areas of the slope are steep.

.6 “C values were determined on two individuals.

+ Fish were not necessarily collected in t he immediate vicinity of the seeps but could have been collected at other areas during the trawl.

_Pacific vents have §'*Cvalues near -33-Z (refs 12-14). The vent

communities of the Pacific are based on chemoautotrophic bac-
teria that gain energy from the oxidation of hydrogen sui-
phide!*'®. In turn, the associated filter-feeding organisms feed
on these isotonicaly light bacteria. Internal symbiotic bacteria
are found in clams, mussels and vestimentiferans from the
hydrothermal. vents '* and are probably present in the gills of
the bivalves as well as the vestimentiferan worms at this site.

Carbon isotope analysis of freeze-dried mantle and foot tissue
of bivalves from the first trawl had §'3C values of -31 to -35°%0.
This suggests that the food source of these animals results, at
least in part, from chemosynthesis rather than terrestrial or
marine photosynthetic organic carbon. These isotope values
provide supporting evidence that the food source of the bivalves
is sulphur- or hydrocarbon-oxidizing bacteria in this hydrocar-
bon/sulphide-rich environment (§>C of the oil and methane is
—26.5 and -45%, respectively). The bivalves smelled strongly
of hydrogen sulphide during dissection. The vestimentiferan
worms and their tubes collected in the second trawl have §'*C
values of —27 and —28%, respectively. In comparison, tube
worms ( Riftia pachyptila) sampled from the Galapagos Rift had
considerable y heavier isotope values (— 11%; ref. 12). One ex-
planation for these heavier isotope values is that interna sym-
biotic chemosynthesis in tube worms limits the supply of CO,,
thus reducing isotope fractionation. The oil-seep tube worms
must also have a mechanism Of carbon assimilation that reduces
isotope fractionation relative to the bivalves.

This report significantly expands Usc geographical area in
which one would expect to find dense hydrothermal vent-type
taxa in the deep ocean. It also suggests that oil and gas seeping
to the surface f rom deeper hydrocarbon reservoirs can support,
by chemosynthesis, vent-type organi sms inthe deep ocean.
Hydrocarbon seepage occurs in many shelf and slope regions,
thus making it probable that these immunities are more widely
distributed than previous discoveries have suggested. As these
sites are studied further, several new species may be found (R.
Turner and M. Jones, persona communication).

This discovery isdistinct from those in Pacific hydrothermal

°

vents and Florida Escarpment communities in several ways.
First, the source of reduced compounds (possibly hydrogen
sulphide, hydrocarbons and/or ammonium) is not a point
source. The seepage is diffuse and occurs over awide area in
the seismic wipeout zones. Itisimpossible to determine from
trawl catches whether the organisms are living in the seep area
or aong its perimeter. Second, the biological assemblages are
associated with seeping hydrocarbons that have significant
toxicities (particularly aromatic hydrocarbons). Third, these
chemosynthetic communities are not at abyssal depths. Fourth,
water temperatures are not elevated. The high productivity at
the hydrotherma vent communities seems to be sustained by
high bacterial turnover rates in the high-temperature vent
plumes'. It is not known how hydrocarbons efiect bacterial
production rates. Finally, the shallower seep taxa reported here
may serve as a food source for various deep-sea organisms.
Further study is needed to elucidate: (1) how and to what extent
the taxa adapt themselves to high hydrocarbon environments;
(2) how widespread geographically these organisms are on the
Louisiana slope, as well as other oil-producing regions; and (3)
how significant a biomass contribution they make to the deep sea.
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specimens, R Turner (Harvard University) for identifying the
bivalves and gastropod, M. Jones (Smithsonian Institution) for
identifying the tubeworms and.& Fredericks, R Pflaum and E.
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NSF (grant OCE-83-01538) and ONR (grant NOOO14-80-C-
0113). Supporting isotope data for comparison on the Guif slope
was sponsored in part by the Minerd Management Service
through its Gulf of Mexico Regional Office. Instrumentation
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Resources at Texas A & M University.
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Abstract— A series Of otter trawis demonstrate that communities based on chemosynthesis are
broadiy distributed aClrOSS the northwestern Guif of Mexico coatineatal siope in hydrocarbon seep
areas. Thirty-pine trawis were taken at 33 locations reported to cxhibit trausparent or chaotic
seismic “wipe-out” zoues. The sites, in water depths from 180 10 900 m, span an area from
offshore the Mississippi Rier delta to the upper Texas continental slope. Eandosymbiont-
containing organisms or their remains (either tube worms, mussels and/or ciams) were recovered
at 21 sites on the northern Gulf of Mexico siope. Tube worms, clams and mussels known to be
associated with symbionts were retrieved at 18, 12 and 5 sites, respectively. Carbon isotope
analysis of selected animal tissues confirmed the chemosynthetic assocation. Animalks Containing
isotopically light chemosynthetic carbon were collected at 21 sites. Piston cores at each site were
used to determine the presence of mature hydrocarbons. Nine of 30 piston cores were visibly oil-
stained. Trawl collections at locations where visibly oil-stained cores were recovered contained at
least one species of chemosynthetic-associated organism and generally represeated the most
sbundant catches Of endosymbiont-containing animals. The chemical eavirouameat (ol and gas
scepage) necessary {0 support chemosyathetic-based ecosystemms is widespread on the northern
Gulf of Mexico continental siope.

INTRODUCTION

Recent discoveries of hydrocarbon seepage, gas hydrates and chemosynthetic communi-
ties has caused a re-evaluation of our understanding of chemical, biological, and
geological processes occurring on continental slopes (Anperson ef al., 1983; BROOKS et
al., 1984, 1986a,b, 1987a,b; KennicuTT et al., 1985; CamLpress et al., 1986). Gas seepage
has been reported and/or sampled on the contineatal shelf in the Guif of Mexico by
several authors (DuNLAP €t al., 1960; BERRARD er al., 1976; SAckETT, 1977), although
reports Of offshore oil seepage are sparse. Ol seepage has only recently been extensively
documented on the Gulf of Mexico slope (ANDERsON ez al., 1983; BROOKS et al., 1984,
1986a,b; 1987a,b; KennicuTT ef al., 1988b). Several cores containing as much as 4% oil,
by weight, were recovered in 1933 (ANDERSON ez al., 1983). Subsequent to this thermo-
genie gas hydrates were also discovered on the Gulf of Mexico continental slope (Brooks
etal, 1984, 1986b). Ten additional Gulf of Mexico sites containing biogenic or thermo-
genicgashydrateshave peenidentified (BrRooksezal., 1986b). Thermogenicgashydratesare
often associated with sediments that contain as much as 15% ofl by weight. Oil-stained
sediments have been recovered in more than 100 cores across the Gulf of Mexico in water
depths ranging from 200 to 3000 m (Unpublished data). At one location this massive oil

e GeochcmicalanEavironmental Research (GERG), 10 S. Graham Rd., Department of Ocean-
ography, Texas A&M University, College Station, T X 77840, US.A.
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seepage has been directly linked to oil reservoired at -2500-3000 m beneath the sea fioor
(KenmicutT er id., 1988b).

To determine the hydrocarbon exposure of benthic faunain these seep areas, otter
trawls were taken t0 obtain biological samples for analysis (Kenmcurr er a., 1985;
Brooks et al., 1986a). These trawls collected tube worms and large quaatities of bivalves
that are known to contain endosymbiotic bacteria. Fifteen trawls taken during two
separate research cruises in 1984-1985 confirmed the presence Of bivalves and tube
worms on the Gulf of Mexico contineatal slope. Subsequent taxonomic, enzymatic, and
isotopic analyses suggested that these communities were similar to those found at
hydrothermal vents in the Pacific and that the primary mode of nutrition was chemosyn-
thesis by eadosymbiotic bacteria (Kenmicutt et al., 198S; CHILDRESS ef al., 1986; Brooks
et al., 1987b). The majority of the bivalves (Calytogena ponderosa, Vesicomya cordata,
and Psuedormiltha sp.) and vestimentiferans (Lamellibrachia sp. and an unidentified
Escarpia-like species) are primarily if N0t exclusively deriving their energy from the
bacterial oxidation of H,S to elemental sutfur and sulfate. In contrast, laboratory
incubations with C labeled substrata, enzymatic analyses, and carbon isotopic compo-
sitions confirmed that a mussel (Bivalvia, Myltilidae) a these sites could derive its
carbon, energy and nutritional needs from a symbiotic relationship with methane-
oxidizing bacteria in it's gills (CHmLDRESS et al., 1986; BROOKS er al., 1987b; FrsHER f al.,
1987). This was the* confirmed report of a molluscan symbiosis based on methane.

The studies described above have documented the presence of chemosynthetic-based
communities at a few, relatively restricted, areas on the Gulf of Mexico continental
slope. To determine if these processes are broadly distributed in the northern Guif of
Mexico, an extensive program of piston coring and otter trawling was undertaken. The
results of this regional study are reported here.

METHODS

Study sites and trawling

Thirty-nine trawls were taken at 33 locations in the Gulf of Mexico using a 10-M otter
trawl (Table 1; several locations were trawled more than once). Trawls were takea m
water depths from 180 to 900 m and covered an area from the Mississippi Canyon to East
Breaks Mineral Management Service |ease areas. Sites were chosen that contained
shallow seismic “wipe-out™ zones. Seismic “wipe-out” zones are areas where the
subsurface sediment structure is seismically transparent or chaotic and are thought to be
due to the presence of gas~charged sediments. seismic “wipe-out” zones on the Gulf of
Mexico continental siope generally contained gas-charged, gas-hydrated and/or oil-
stained sediments (BROOKS et al., 1986b). A typical transect illustrating a 3.5 kHz sub-
bottom seismic “wipe-out” zone is shown in Fig. 1. The majority of the trawl transects
(30 of 39) shallow S€iSMIC “wipe-out” zones.

Piston wring and_

Thirty sediment cores were taken with a collapsible piston coring device equipped with
a bottom-actuated trigger that releases acore bomb (900 kg) attached to a 6-m core pipe
(Table 2). Eight 20-cm sections, evenly spaced Over the length of the core, were cut from
each core and stored frozen until analysis. MOst cores were at least 4 m in length. Four
sections from the bottom Of each core were freeze-dried at —40°C, ground and Soxhlet-
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Table 1. Locaton of trawls taken on the northern Gulf of Mexico continerual slope
00 bottom Off bottom
Site Time Latitude Longitude lime Latitude Loagitude
1 1426 27-36.0 w456 1600 2799.2 94°49.1
2 0945 27-3%.2 94%.0 1057 27%0. 1 ¢ 9473.6'
3 1818 27%.9' 93%35.9" 1924 27374 93%.9°
4 1243 Ry 973L.1’ 142 I7724.9° 93278
5 0000 2727.5 9Y10.6 0111 2127.6 93%06.6°
6 1754 27°45.0° 92'593' 1809 27444 9259.6'
7 0523 27730.1 93°00.5° 0625 27-30.0 93°G3.7
7 0658 2729.6' 93°01.1 024 27316 93%4.0
8 1417 2753.7 92°52.9 1502 r51.6' 92°52.6°
9 2209 27°50.6' 92°31.3° 2318 27%3.8 9231.3°
10 1625 27-41.2 92-11.4' 1738 27%4.1 92°09.5°
11 0541 27°36.4' 92°11.3° 1044 27°38.6° 92'21.3
1 1246 27°36.3' 92-223' 1450 27°36.9' 92°17.5°
1 2316 27%.7' 92°12.0° 0030 27% .4 927)9.5
12 2145 27"33.5° 91°49.2° 2330 2758.0 91°49.1'
13 1520 27°39.5° 91°31.8° 1630 r42.2° 91°32.4°
13 1908 27'39.6' 9151.9’ 2n17 27'42.2 91731.8°
15 0741 27%6.0’ 91730.3' 0850 2747.3° 91°30.4°
16 1432 2r41.2° 91°30.5' 1606 27'45.0 91°29.8°
17 0414 2743.4' 91°16.8’ 0520 27%4.2’ 91%23.6
17 0915 27'43.2 91°15.7 1034 2743.2° 91°19.4°
18 0147 27°39.6' 90°50.5" 0243 27"39.6° 90°47.3
19 2013 2739.00 90"28.9° 2124 419 90°29.3*
20 1422 21%24* 90°33.2 1557 562 90°32.8"
20 2021 2753487 90°12.0° 2113 27%5.7’ 90°12.0°
21 1120 27°56.9° 90%30.4° 1207 27559 90°32.6'
21 1133 . 90'30.0° 1242 28°00.4' 90°29.9°
2 0833 251.0 9023.4' 0929 27%9.1" 90°23.4'
23 1205 27470 90"16.9' 1341 27°46.5' 90125
24 0151 27552 90°11.5 0252 27%7.3’ 90*11.3"'
25 0643 27-s32 90°11.7° 0745 275S.6' 9012.1°
26 2142 2513 89%6.2 2302 2756.0° 89°59.9"
27 1237 27°56.9° 89%7.7 1445 27-57.6' 89°57.3°
28 0858 287)6.4' 89%8.8' 09.55 28%04.2' 89%8.8’
29 1810 7555 89-54.4* 1924 27%8.7 89°54.2'
30 X258 28%7.1° 89°45.5' 1418 ml’ 89%93'
31 2003 28°29.9' 89°47.2° 2220 28°29.8° 89'43.8'
32 0445 28°40.3' £9°04.3' 0542 28424 89'042’
33 1115 28%1.4 8891.5' 1218 28%3.8 8851.4°

extracted (hexane) for 12 h. The extracts were weighed andanalysed by total scanning
fluorescence. Sediment extracts of the bottom two sections were analysed for aliphatic,
high molecular weight, hydrocarbons by capillary gas chromatography with flame
ionization detection. Internal standards were added before Soxhlet extraction to provide

quantitative determinations of hydrocarbon concentrations.

Gas chromatographic and fluorescence anaytical techniques arc described in detail
elsewhere and will only be briefly described here (Brookset al., 1986¢; Kennicurt et al.,
1987a). The sediment extract is analysed on fused silica columns (SO-m x 0.3-mm |D,
Bp1/QC2 SGE Ltd.) with flame ionization detection. The detector is calibrated with
authentic standards and internal standards are used to correct for experimental losses.
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Fig. 1. Shallow seafioor features, bat.hymeu-yE;'nd %.5 kHz sub-bottom profile for the trawl fine
at 376.

The same extract is also analysed for its fluorescence excitation-emission spectrum on a
Perkin-Elmer 65040 fiuorometer.

Tissues for carbon isotopic analysis were either freeze-dried or oven-dried at 40°C.
Tissues samples were acidified to eliminate carbonate and combusted to CO; in either a
Craig-type combustion system or in Pyrex tubes containing cupric oxide (Sackerr et al.,
1970; Sorer, 1980; BouTToN et al., 1983). ‘ he carbon isotopic composition of the CO2
was determined with a triple collector Finnigan MAT-251 |sotope Ratio Mass Spectro-
meter. Values are reported relative to PeeDee Belemnite (PDB) in the standard per mil
(%) notation.
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Table 2 Location of piston cores taken on the northern Gulf of Mexico siope

Water depth Penetration
Site Latitude Longitude (m) (m)
| 27%.9 94"46.1 512 3.8
2 21%0.0 2473.3 420 42
3 ryacy i 9734.2 a0 5.0
ra.y 9730.8 620 4.4
: 2777.6’ 9310.4’ 540 4.7
6 No piston cor e taken
7 27'29.8 93°01.5° 650 47
7 2750.8 93°02.9" 695 4.8
8 27’38 92°52.9" 180 54
9 2749.9 92°30.1 320 40
10 27417 92°10.9' 410 44
u 27%.7 92111 665 44
11 NoO piston core taken
1 No piston core taken
12 27359 91"49.4 549 4.0
13 2740.5° 91°31.6' 6s0 34
13 No piston core taken
15 2746.8° 91°30.4° 530 4.4
16 No piston core taken
17 27439 91°13.9° A0 4.2
17 No piston core taken
18 Ir39.6' 90°49.8" §$ 5.7
19 r39.2 90°28.9° 0 5.0
20 27542 90°32.5' 512 4.4
20 No piston core taken
21 21%8.4 90'30.1 393 4.7,
21 NoO piston core taken
2 No piston core takea
23 27%6.9 90165’ 658 4.8
24 21%5.4 90°11.9" 855 5.0
25 2753, 90"12.0 600 4.4
26 21%.4 8959.4' 610 4.8
27 Zrse3’ 89°51.7 512 3.8
28 28°06.1' 89'58.8' 432 4.7
29 2rs51s’ 89°53.9 750 4.8
30 28'07.2 89'47.6 594 42
31 28730.0° 89'49.3 512 4.s
32 28°41.4' 89°04.4 570 4.4
33 38%3' 88731.4' 805 4.5

RESULTS AND DISCUSSION

Seismic *“wipe-out” zones, oil-staining, gas pockets, and a H,S odor were observed at
24, 9, 12 and 18 sites, respectively (Fig. 2). Tube worms, clams and mussels knows to
contain endosymbionts were recovered at 18, 12 and 5 sites, respectively.

Extractable Organic matter

Methylene chloride extractable organic matter can have a biological (lipids) as well as
thermogenic (petroleum) origin. In general, Gulf of Mexico marine sediments contain
less than 50 ppm of extractable organic matter of biological origin, though this value can
be quite variable (KenmtcutT et al., 1987a, 1988a and references therein). Extractable
organic matter content is elevated in sediments that contain petroleum. Total sediment



TOTALS

|
8 11 « X X X X X X : 7
! |
o 2| x X X X X X X X X X X X ; 12
L | |
G 3} X X X X X | 5
1 | |
c A x X X X X X X X X X X X X X X ‘ 15
A | |
1 5] x X X X X X X %X X X X X X X X [ 15
I | _
! i
P & 6] x x X X X X X X X X X X X X X X X X X X X X X X | 24
HoC i !
Y W 7] x X X X X X X X - X | 9
s E | i
I n 8] x X x X X x  X*x X X X X | 12
c 1 | |
A C 9| x X X X X X X X X x x x X X X X X X | 18
LA [
L 10| x X X X X X X X X X X X x x X X x X X x X } 21
JUUY R Y R Y RO R Y N Y U O S O Y N R N DS U R U R U AU OO U S O Oy o It
I I I I [l I ([N T R A A R Y I I I I " I I (I
TOTALS 9 1 S 3506 00 & 7410 1W St 710 6 b 2 3 4 ? 1 8 5 4 Y 2 0 0 0 0
STATION 1 234567891011 12131415161718192021 22232425262728293031 3233
REGION B ST < . - . e e e e e e e e e > EAST
EAST | GARDEN BANKS | GREEM CANYOM r EWING BANK
SREAKS ATTMATER VALLEY

MISSISSIPPI CANYON

Fig. 2. Summary of the occurrence of biological, physieal and chemical parameters associated with hydrocarbon seepage and chemosynthetic communities:
1, Calytogena ponderosa; 2, Vesicomya cordata; 3, unidentified mussel: 4, vestimentiferan tube worms; 5, pagonophoran tube worms; 6, seismic “wipe.oul”
zone; 7, oil-stained core; 8, gas pockets in core; 9, H,sodor in core; and 10, isotonically light tissue carbon.
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extractable organic matter ranged from 21 to 5800 ppm with many sediments containing
large amounts of material attributable to petroleum (Fig. 3).

Gas chromatography

Representative gas chromatograms for sediment extracts coataining high concen-
trations and trace amounts of thermogenic hydrocarbons are shown in Fig. 4A and B,
respectively. Sediments containing petroleum hydrocarbons are characterized by a
complex mixture of compounds that are not resolved gas chromatographically under the
given analytical conditions (UCM), Cys to Cs2 normal alkanes, and isoprenoids. This
mature hydrocarbon pattern is overprinted with odd carbon number normal alkanes with
23 or more carbons which are presumably derived from terrigenous organic matter
(FARRINGTON and MEYERs, 1975; TuLLocH, 1976; FARRINGTON and Trree, 1977; GiGer
and ScHAFFNER, 1977; GiGer et d., 1980; Kenntcutr et al., 1987b). Samples containing
high levels of petroleum are often extensively biodegraded and contain only an unre-
solved complex mixture (Fig. 4C, D). High concentrations of n-alkanes in the Cys to Cx
range suggest an upward-migration source since hydrocarbons in this molecular weight
range do not generally . survive transport through the environment (i.e. pollution,
Kennicutr et al., 1987¢). This interpretation is supported by the depth of occurrence of
the hydrocarbons in the sediments as well as a general increase in concentration with
increasing depth within the core. Deep penetration (>2 m) of the sediment column
insures that the sample is below the pollution horizon, thus the petroleum hydrocarbons
detected are migrating upward from deep in the subsurface and are not being deposited
from the overlying water column (KenmicuTT et al., 1988b). Total unresolved complex
mixture concentrations varied from 8 to 1033 ppm, with most locations exceeding the
low level biological background of 5-10 ppm (Fig. 3). These concentrations suggest that
petroleum hydrocarbons are present at mogt, if not ail, of the locations. Total N-alkane
(n-Cys to n-Cs3) concentrations ranged from 504 to 31,350 ppb and were also indicative
of petroleum (Fig. 3).

Total scanning fluorescence

Fluorescence is selectively sensitive to compounds with conjugated double bonds, i.e.
aromatic hydrocarbons. A total scanning fiuorescence spectrum provides a semi-quanti-
tative estimate of total aromatic compounds (fluorescence intensity) as well as an
estimate of the ring-number distribution of the fluorescent compounds. In general, the
fluorescence excitation-emission maximum increases in wavelength with an increasing
number of aromatic rings. sediment extracts containing petroleum contain three-ring
and larger aromatic compounds that emit fluoresced light at high wavelengths
(>350 rim). Fluorescence Spectra are not extensively altered by biodegradation of water
washing, though severe degradation alters aromatic compound distributions (KensicuTt
et al, 1988b; KennicutT, 1988). Aromatic compounds, in general, are moderately
resistant to degradative removal and this resistance increases with an increase in the
number of aromatic rings. Fluorescence analyses confirm the presence Of aromatic
hydrocarbons related to petroleum at all of the sites sampled.

Oil seepage evaluation

A ranking system base on total scanning fluorescence and gas chromatographic
analysis has been devised to evaluate the amount of oil seepage at a location (Brooks et
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al, 1986¢). In this ranking system, zero represents no seepage while 15 is indicative of
substantial macroseepage. Oil seepage is evaluated from the fiuorescence intensity, the
ratio (RI) of Buorescence at 360/270 to 320/270 (Emi/ExA) and the amount and
composition of the gas chromatographic signature of the sediment extract. The presence
of oil in the gas chromatogram of an extract is based on the fact that oils contain
acomplete suite of n-alkanes, pristane, and phytane whereas recent organic matter
of abiological origin contains only a relatively few specific aliphatic compounds
(primarily odd carbon number normal alkanes With 23 to 31 carbons; Kensacutrer dl.,
1987b).

‘I"he presence of oil is evaluated on a scale of 0-15 that is derived from the sum of the
three parameters discussed above (each based on a 0-5 scale). The amount of oil seepage
is evaluated as. 12-15, very high; 8-12, medium/high; 4-8, low and O-4, very low. Based
on this evaluation scheme, significant 0il seepage was present at most of the locations
sampled (Fig. 5).

8| Very Low
74

6

B

Average Rank Per Core
8

EVALUATION

Fig. 5. Summary of the oil seepage evauations calculated for piston cores retrieved on the
aatthera Gulf of Mexico continental slope.
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Carbon isotope analyses

Stable carbon isotope analyses of tissues excised from organisms recovered from trawl
catches can be used to determine an organism primary nutritional mode, i.e. chemosyn-
thetic or heterotrophic (BrRooks et al., 1987b). Carbon isotope data are only briefly
dicussed here as an indication Of chemosynthesis while more detailed discussions of
isotope data are presented elsewhere (BROOKS et al., 1987b). Twenty-one trawls con-
tained Organism tissues with isotonically tight carbon indicating the presence 0f chemo-
synthetic biomass:

Green Canyon blocks: 29,31, 40, 72/116, 79, 166,184,185, 2331234, 272, 273/279,

287, and 398 (13 sites).

Garden Banks blocks: 300,359,388, 458/459, 499/ 500, 581(6 sites).

Ewing Bank block: 1010 (1 site).

East Breaks block 376 (1 site).

The carbon isotope imposition of the organisms analysed ranged from -14 to -58%0.
Background heterotrophic organisms are generaly in the -14 to0-22%. range (Kennicutt
et al., 1985; CHLDRreEss et al., 1986; BROOKS et al., 1987b). Tube worm tissues (vestimenti-
ferans and pogonophorans) ranged from —20 to —=58%.. Pogonophoran tubes and tissues
had §°C values (-30 to ~58%) indicative of chemosynthetic carbon. Vestimentiferan
tissue 8-°C values ranged from ~20 to -56% with three values >-28%. (Fig. 6).

Based on the oil seepage evaluation described above, N0 chemosynthetic-based
organisms were recovered in areas which had a combined ranking of 10 or less, i.e.
Mississippi Canyon—44/445, 282; East Break-339, 878; and Garden Banks-581. In
contrast, at 15 of 18 areas with a seepage evacuation of 13 or more, eadosymbiont-
containing organisms were retrieved. At all locations evaluated at 15, two or more
chemosynthetic associated species Were present. These data_strongly SUQQest a direct
coupling between the chemical environment induced by bydrocarbon seepage (H,S, CH,
and oil) and chemosynthetic processes on the northern Gulf of Mexico continental slope.
These environments are closely linked to the massive seepage of il and gas and the
resulting anaerobic, HaS-rich sedimentary conditions. The natural seepage of hydro-
carbons may represent a significant source of hydrocarbons to the deep oceans and

£ R d

Number of Tissues Analyzed

5% Ca

Fig. 6. Summary of the carbon isotopic analyses of tissues from selected organisms recovered
from the trawis.
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chemosynthetic biomass appears to be an important component of the slope ecology in
the areas studied.
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ABSTRACT

Kennicutt, M.C., I, Brooks, J.M. end Denoux, G.J., 1988. L eakage of deep, reservoired petroleum
to the near surface on the Gulf of Mexico continental slope. Mar. Chem., 24:3959.

Reservoired oils shallow sediment cores (2 m), sea slicks and tar balls were collected in the
Green Canyon Lease area of the northern Gulf of mexico continental-slope. The gaseous and liquid
hydrocarbons associated with near surface Sediments and water have migrated from deep (2000
3000 m) subsurface reservoirs andjor source rocks. This conclusion is baaed on molecular (GC/FID,
GC/FPD, GC/MS) and carbon isotopic evidence. Visual observations at two locations on the
continental dope confirm the presence of massive amounts of active liquid as well as gas seepage.
Hydrate gas recovered in sediment cores originate from deep, oil-associated gas. This gas has
migrated to shallow sediments with little Or NO iSOtOPIC fractionation. In contrast, Near surface
hydrocarbon liquida (shallow bitumens and sea slicks) are depleted in aliphatics, 4-ring OF larger
aromatics, naphthalene, C, -naphthalenes and C, -naphthalenes as compared to the reservoired
fluids.

These near-surface fluids are extensively altered by the concurrent processes Of migration,
dissolution and microbial degradation. However, the distributions of highly alkylated (> Cy)
naphthalenes, phenanthrenes and dibenzothiophenes, triterpanes, steranes and triaromatized
steranes are similar to the precursor reservoired oil This study documents, for the first time, a
direct link between natural seepage in a deep water marine setting and sea slick and tar ball
formation This and other studies suggest that the natured seepage of ocil and gas can be a
significant processin the deep ocean

INTRODUCTION

It has long been speculated that natural petroleum seepage is a significant
contributor of hydrocarbons to the marine environment. However, direct ob-
servations of oil seepage in strictly marine settings have been limited (Geyer,
1980). The magnitude, occurrence, and significance of natural seepage to the
marine environment is difficult to assess (NAS, 1975; 1985). Gas seepage has
been widely documented in the ocean (Dunlap et al., 1960; Bernard et al., 1976;
Sackett, 1977; Cline and Holmes, 1977) but reports of liquid hydrocarbon
seepage are few (Wilson et al., 1973; Geyer, 1980; Jeffrey, 1980). However,

. To whom correspondence should be directed.

0304-4203/S9/s03.50 © 1988 Elsevier Science Publishers B.V.
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recent discoveries in the Gulf of Mexico have shown that natural liquid hydro-
carbon seepage is a widespread phenomenon on the continental slope and may
represent a significant hydrocarbon input to the deep sea (Anderson et al., 1983;
Brooks et al., 1984; 1985; 1986a,b; 1987).

As an exploration tool for locating petroleum reservoirs, natural seepage
has been historically important (Link, 1952; Philp and Crisp, 1982; Brooks et
a., 1986a). Many of today’s major petroleum provinces were first discovered by
drilling beneath surface oil seeps (Degolyer, 1940; Hunt, 1979). Modern surface
geochemical exploration techniques are based on the premise that deep, reser-
voired petroleum creates near-surface manifestations that can be detected
(Faber and Stahl, 1984; Brooks et al., 1986a). This near-surface expression must
be recognizable above the ambient in situ biological and/or inorganic
background. The most direct of these surface prospecting methods rely on
detecting some fraction of the reservoired hydrocarbons (Stahl, 1977; Horvitz,
1972; 1978; 1985; Philp and Crisp, 1982; Brooks et al., 1986a). The recognition of
thermogenic hydrocarbons from the deep subsurface in near surface sediments
is hindered by the overprinting of recent biologically generated compounds
(Bernard et al., 1978; Brooks et d., 1979). These recent inputs can be the same
as the upward migrated thermogenic hydrocarbons (i.e., methane and n-
alkanes) or similar in composition and structure (Rice, 1975; Fuex, 1977; Rice
and Claypool, 1981; Hunt et al, 1980; Whelan et al., 1980). Near-surface hydro-
carbon expressions are further attenuated by alteration processes such “as

microbial activity. Petroleum can also be physically or chemically altered or

fractionated during migration (Thompson, 1987a,b).

Few reports have traced the movement of petroleum from a deep reservoir
to the near surface. In general, these studies have been limited to the gaseous
components (Stahl, 1975; 1977; Coleman et al., 1977; Hunt, 1979; Fuex, 1980;
1981; Hunt et al., 1981; Reitsema €t al., 1981; Stahl et al., 1981; Leythauser et al.,
1982; Stepanova et al, 1982). The continental slope region of the Gulf of Mexico
has recently been found to be the site of active gaseous and liquid petroleum
seepage, authigenic carbonate precipitation (mediated by microbial activity),
hydrate formation and chemosynthetic communities (Anderson et al., 1983;
Brooks et al., 1984; 1985; 1986b; 1987; Kennicutt et al., 1985). As such this area
presents an unique opportunity to trace the movement of hydrocarbons from
the reservoir (2000-3000 m), to the near-surface sediments (water depth
~ 600 m), into the water column and finally to slick and tar ball formation at
the air/sea interface.

Seepage to the near-surface on the Gulf of Mexico slope is predominantly
controlled by fault systems created by salt tectonics that provide a nearly-
direct vertical conduit to shallow sediments (Martin and Case, 1975). To trace
the movement of these hydrocarbons the following chemical analyses were
chosen: gas chromatography with flame ionization (FID) and flame photome-
tric detection (FPD), stable carbon isotopic composition, total scanning fluore-
scence, and specific molecular distributions by gas chromatography/mass spec-
trometry (i.e., triterpanes and steranes). These fingerprinting techniques are



41

suitable for the detection of compositional features which are unique and

fairlystable during migration and degradation. Other parameters that are less
resistant to change were also monitored, including gas molecular and isotopic
compositions and alkane distributions. This study evaluates bulk and

molecular parameters as indicators of deeper reservoired petroleum,
determines the extent and type of fractionation that accompanies movement of
hydrocarbons through several thousand meters of sediment and subsequently
through the water column, establishes a link between natural seepage and sea
dlick or tar ball formation and determines which of the measured parameters
are least susceptible to alteration and thus more clearly reflect their source.

METHODS
Materials and sampling

Oils and gases reservoired at 2000-3000 m in the Green Canyon (GC) area
were provided by Conoco, Inc. Previous studies have identified the GC-184 and
190/234 areas as sites Of oIl seepage and thermogenic gas hydrates (Brooks et
al., 1984;1986b). The GC lease area is the site of a number of active seeps as
identified by visibly oil-stained cores (Anderson et a., 1983; Brooks et al., 1984;
1986b; 1987). The location of oil seepage is confirmed by coring in shallow
seismic wipe-out zones identified from 3.5 kHz data (Brooks et al., 1984; 1986b).
Figure 1 shows a shallow hazard survey from GC-184 (after McClellan
Engineers, personal communication, 1985). Oil-stained cores are preferentially
recovered in these seismic wipe-out Or transparent zones.

Sediments for this study were retrieved by piston coring. The core utilized
for this study was taken at 27°44.2°N, 91°11.9°'W. Core data from this and nearby
areas can be found in Brooks et al. (1984; 1986b). Surface slick samples were
obtained at 27°43.1°N, 91°08.8'W by skimming surface water into precleaned 2-1
glass bottles and by adsorption onto a metallic screen. During Cruise 85-G-5
(May 1985, R/V “Gyre™) oil droplets were observed bursting at the sea surface
in both the GC-184/185 and 190/2.34 areas. The sea was calm during this period
allowing observation of the seepage. At these sites small oil droplets would rise
to the sea surface, forming circular slicks ~0.4 m in diameter. Oil droplets were
observed bursting at the surface every few seconds within a few hundred
meters of the drifting ship. Fresh tar balls in the area were collected by
manually retrieving them from the sea surface. Hydrate samples recovered
during piston coring were immediately stored in liquid nitrogen (Brooks et al.,
1986b).

Gas analyses

Hydrates were alowed to thermally decompose in pressure vessels at room
temperature. Headspace samples were then removed by syringe for molecular
and isotopic analyses (Brooks et al, 1986b). Reservoir gases were collected in
stainless steel pressure vessels. Gases were analyzed for molecular composition



42

‘ga1e pgl-NN Jo Aaains pivzey mo[(eyg ‘1 Sy

15861 ssanuyBuy putii 3w Y

1903 U) Yideg e —oow,

‘St mojjeys 9qeq0lg g

SEPARW VRUOGIE]) NjqRqald PajIng B

#140gI8) 2qEG0I4 0 E__:.e._.._.u_.»o.u__..e... BB
"J00[{89G I8 SjRINIEY B1RUDQIRY BIqEGRIY g
ey mousys siaisseg [T

aooyjeng seay 20 1e smesing [ ]

“Bujiuep
Injap 10 389 0) pajegay Ajgjssog ybnosy

_-__._:._E._o:_.eﬁz___._._::.5..3__..... O
YliM TIUBA [0 Ty 10 JUBA 018 JO 3R]

*BujpIoany Jjwspag wor $13e)
Iy 8q AUt Jo $RY MOjIEYS Aq pesne) g
Aeyy "pI0day djws|eg Lo seuez ING IdiM,

DEai6

¢, Answiyleg
LS &

gz || 4
— N

sainjea loojjeas M

L4




43

by gas chromatography (Brooks et al., 1986b). Headspace and adsorbed gas
analyses were similar to those performed by Bernard et al. (1978) and Faber and
Stahl (1983), respectively.

Extraction and fractionation

Hydrocarbons were recovered from sediment and sea slick samples by
extraction with CH,Cl,. Sediment samples were dried with Na,SO, and Soxhlet
extracted with CH; Cl, for 1-3 h onboard ship. Slick-containing water was
acidified with HCl to pH 2 and solvent extracted three times with CH,Cl, (10: 1
solvent:sample, w V). All glassware was precleaned with solvents and
combusted at 450°C for 4 h when appropriate. The collected extracts were
concentrated by rotoevaporation. Extracts were then fractionated by alumina/
silica gel column chromatography for further molecular and isotopic analyses.
An aliphatic fraction was eluted with 150 ml of hexane and an aromatic
fraction was obtained by elution with benzene (150 ml). Fractions were roto-
evaporated and further concentrated with a purified air stream.

Gas chromatography

A variety of gas chromatographic columns were used for the various
analyses. Whole oils were analyzed on a high performance cross-linked methyl
silicon fused silica capillary column with splitless injection (film thickness
0.52 pm; id. =0.31 mm; length = 50 m). The column was initially held at - 20°C
for 10 min and then ramped at 8°C rei"-1 to 300°C (15 min hold time). The
injection port and detector were both held at 300°C. Column chromatography
fractions were also analyzed by capillary gas chromatography with flame
ionization detection (GC-FID) on a column similar to that used for whole oil
analysis except that a smaller id. (0.20 nun) and a shorter length (25 m) were
used. GC-FID conditions for aliphatic and aromatic fraction analyses were an
initial temperature of 60°C with no hold time and then programming at
12°Cmin~!to 300°C (9 min hold time). The injection port and detector were
again held at 300°C. The aromatic fractions were also analyzed by GC-FPD for
sulfur aromatic compound distributions using a cross-linked methyl silicon
liquid phase (film thickness = 1.05P, id. = 0.32 mm; column length = 50 m).
The temperature program was identical to that used for the aliphatic fraction
GC-FID anaysis. The detector was held at 250°C and the injection port at
300°C. The gas chromatography were either Hewlett-Packard Model 5880 or
5790.

Gas chromatography/mass spectrometry (GC/MS)

GC/MS was performed with a Hewlett-Packard 5996 GC/MS system linked
to a HP 1000 computer for data storage and processing. The GC/MS was
operated in the electron impact mode using 70-eV electrons. The injection port,
interface, and source temperatures were 300, 250 and 270°C, respectively.
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Extract fractions were analyzed for various molecular level distributions.
Aliphatic fractions from column chromatography were molecular sieved (5A)
to remove straight chain alkanes. The aliphatic fraction was then analyzed in
the selected ion mode for triterpanes (m/z = 191), steranes (m/z = 217), mo-
noaromatized steranes (m/z = 239, 2.53) and demethylated triterpanes (m/f
z=177). Aromatic fractions were analyzed, with no further preparation, for
triaromatized steranes (mf/z = 231, 245), naphthalenes (Mm/z = 128, 142, 156,
170) and phenanthrenes (m/z = 178,192,206, 220). The column used for GC/MS
was identical to that used for the whole oil analysis. The column was held at
50°C for 10 min and then programmed as follows: 10" C rei"-1 to 200°C (15 min
hold time); 5*C rei"-* to 250°C (24 min hold time); 2°C rei"-1 to 280°C (24 min
hold time); and 1°C rei"-1 to 281°C (6 min hold time).

Other procedures

Samples to be analyzed for stable carbon isotopes (6**C) were processed by
standard methods using both Craig-type and closed-vessel combustion
techniques (Sackett et a. ,. 1970; Schoell et a., 1983). Carbon dioxide was
analyzed on a Finnigan MAT-251 isotope ratio mass spectrometer. The isotopic
composition is reported in the usual d-notation (versus the Pee Dee Belemnite
standard).

The total scanning fluorescence method is described in detail elsewhere
(Brooks et al., 1983; Kennicutt and Brooks, 1983; Kennicutt et al., 1986). Briefly,
the aromatic fraction recovered from liquid chromatography was quantitative-
ly diluted in hexane. The sample was then introduced, via a cuvette, into a
650-40 Perkin-Elmer microprocessor-controlled spectrofluorometer. The
excitation monochromator was set at a given wavelength and the emission
monochromator was stepped from 200 to 500 nm. Resolution was 10 nm and the
excitation wavelengths were varied from 200 to 500 nm.

RESULTS AND DISCUSSION

Gases

The reservoired gases from Green Canyon area (Table I) are characteristic
of mature, oil-associated gas (Schoell, 1983). The gas occluded in hydrates from
the Green Canyon area (Table 1; Brooks et al., 1986b) are very similar in carbon
isotope composition to the reservoired gas, suggesting that the hydrate gas is
derived from the deep reservoired gas. Brooks et al. (1986b), in reporting the
compositions of Green Canyon hydrates, were unable to explain isotonicaly -
heavy CO,in the hydrate lattice while large quantities of isotonically-light
authigenic carbonate also occur. The authigenic carbonate in these shallow
sediments results from bacterial degradation of oil or gas, producing CO,which
is then precipitated as calcium carbonate (Brooks et al., 1984; 1986 b). Reservoir
gas data indicates that the hydrate CO, originates from the reservoir with little



TABLE |

Gas compositions (@'.) of reservoired and sediment gas from the Green Canyon (carbon isotopic
compositions in parentheses)

GC-184* GC-184* GC-184* GC-185° GC-183° GC-183¢

6602-6652 68076860 7264-7294 hydrate free adsorbed
Methane 84.%( - 46.4)* 89.0(- 46.1) 75.4( - 45.8) 67.5( - 44.8) 91.2-99.8 83-87

(-36to -85) (—43t0 -50)
Ethane 7.3( - 20.3) 6.8(-30.0 6.3(-31.8)4.5(-29.3) 0117 7.2-8.6
Propane 35(-28.7) 29(-27.8) 25(-27.0)14.9(-186) 0.01-7.8 3.6-5.2
i-Butane 0.3( — 344) 04 <0.1 4.2 <0.1 0.6-1.0
(- 28.6)

n-Butane 0.8 <0.1 <0.1 0.2 <0.1-0.2 0.6-1.4
co* 29(+115  11( + 7.6) 0.2 3.9(i-13.3)

* Reservoired gas from the specified depths (in feet).

*Gas from hydrate decomposition (Brooks et al., 1684).

‘Free (headspace) gas from X2-m piston core; values represent ranges Of compositions; methane
concentrations in the sediment range from 43 to 24500 ppb by weight one surface value was not
included in the ranges because it exhibited oxidation effects; the methane isotopic values were
mainly in the -75 to - 85%s range with the heavier values occurring in the sulfate reducing zone
in the upper portion of the core; high methane concentrations in the lower portion of the core
are a result of production in the sulfate-free zone. This data is taken from Faber et al.
(1987).

¢ Adsorbed gas data is from the same core as the free gas analyses; ‘methane concentrations range
from 410 to 1537 ppb by weight; an extensive treatment of this data is available in Faber et al. (1987).
¢ Carbon isotopic compositions in% vs. PDB.

or no contribution from CO,derived from oil degradation (Table ). The cores
contain isotonically-light . pore fluid CO,, suggesting that little isotopic
exchange occurs between pore fluid gas and gas occluded in the hydrates
(Brooks et al., 1984). Molecular compositional differences between hydrate and
reservoired gases can be explained by exclusion of gases larger than the
hydrate cage structure. Little n-butane is detected in the hydrate gas because
this molecule is too large. The anomalous isotopic composition of the propane
in the gas hydrate sample may be an analytical artifact; other hydrate samples
from the Green Canyon area have propane isotopic ratios characteristic of
reservoir propane (Brooks et al., 1984).

Faber et al. (1987) have reported headspace and adsorbed gas molecular and
isotopic compositions from an area (GC-183) adjacent to the reservoired gases
reported here. The average and range of molecular and isotopic compositions
from a 12-m piston core in this block are presented in Table I. Faber et al. (1987)
discuss these data in detail and suggest that the adsorbed gas is more charac-
teristic of the upward migrating gas than the free (headspace) gas. The free gas
apparently originates from shallow microbial gas production. Adsorbed gas
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data from the GC-184 area suggests upward migration of gas from deeper, more
mature sources (Faber et a., 1987).

A liphatic hydrocarbon distributions

Whole oils reservoired in the Green Canyon area have a range of com-
positions (Fig. 2). These oils are generally depleted in normal alkanes,
suggesting that they are biodegraded to varying degrees. In conflict with this
is the substantial amount of C;to C,, hydrocarbons, which should be depleted
at the level of degradation inferred from the loss of the higher n-alkanes. In
particular, Oil Il in Fig. 2 is substantially enriched in gasoline range hydrocar-
bons. These may represent admixtures of degraded oil and lighter condensate
oil. These oils represent the range of chemical compositions of known
production in the Green Canyon area and thus potential original fluid com-
positions for seepage. Oil IV (Fig. 2) is used for comparisons in Figs. 3-12.

Sediment extracts from GC-184/185 and 190/234 seep areas show a wide range
in the extent of biodegradation. Exhaustive degradation (the complete loss of
alkanes, isoprenoids and selected aromatics and biomarkers) occurs in many
sediments containing high concentrations of oil ( > 500 ppm). In other nearby
areas containing only microseepage ( <500 ppm), the complete suite of

Green Canyon-Oit |- Green Canyon-Od Ii-

H
9

Green Canyon-Oil lll- Green Canyon-Oif (V-

MCH

n-Cie

Fig. 2. Capillary gas chromatograms Of fOUr reservoired OilS from the Green Canyon area
(MCH = methyl cyclohexane).
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Fig. 3. Capillary gaa chromatograms of a reservoired oil, sediment extract, sea surface dick and
tar ball.

n-alkanes and isoprenoids are generally present. The sea slick and tar ball are
less degraded than the sediment extract presented in Fig. 3. The resolved peaks
observed in the dick and tar bal gas chromatograms are primarily aromatic
compounds, not aliphatics. The sea dlick and tar ball have been extensively
altered by biodegradation (Kennicutt and Brooks, 1983; Kennicutt, 1987, and
references therein).

Aromatic hydrocarbons

The distribution of naphthalenes in the reservoired oil is very similar to that
in the sediment extract, somewhat similar to that in the sea slick but rather
dissimilar to that in the tar ball (Fig. 4). The tar ball has been highly altered
and few naphthalenes are present. The isomeric distributions of the C,- and
C;-naphthalenes are similar for the oil and sediment extract. The amount of
naphthalene compared to the total naphthalenes decreases from the oil to the
extract to the dlick. A similar loss of lower molecular weight compounds has
been shown to be due to microbial degradation and/or dissolution (Romeu,
1986; Kennicutt, 1987; Philp and Lewis, 1987).

The distribution of phenanthrene and its alkylated homologs is also similar
in al four fluids (Fig. 5). Although few naphthalenes were present in the tar
ball, significant amounts of phenanthrenes were found. The higher alkylated
homologs are more concentrated in the sediment extract, the sea dlick and the
tar ball than in the reservoired oil (Table II). This enhancement is again due
to the selective loss of lower molecular weight compounds by degradation or
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TABLE U

Relative compositions of selected aromatics (O/. )

Reservoired Sediment Surface Tar
oil extract slick ball
Naphthalenes*
co 4.2 18 7.3 9.2
c, 18.0 10.1 24.1 11.0
C, 39.1 35.0 29.3 7.6
C, 38.7 53.2 394 72.2
Phenanthrenes’
co 13.6 74 131 9.2
C, 36.1 254 15.4 30.4
C, 335 39.4 39.3 39.0
C; 16.8 21.7 321 214
Dibenzothiophenea®
Co 1.8 0.2 0.0 0.7
C, 16.2 9.7 41 15.3
C, 46.8 437 37.0 53.3
C, 35.3 46A 58.9 30.6
ZNaphthalenes
ZPhenanthrenes 35 0.04 0.15 40
Phenanthrenes Gy/Cy 1.2 37 25 2.3
Naphthalenes CsfCo 9.2 29.6 5.4 7.9

* Compositions are calculated from the integrated areas of their respective molecular ions
*Compositions are ealculated from the integrated areas obtained by GC/FPD analysis.

water solubilization. Degradation is known to be isomer specific within a given
degree of alkylation (Fedorak and Westlake, 1981; Solanas et al., 1984;
Volkman et al., 1984; Romeu, 1986), but minimal changes in the phenanthrene
isomer distributions are apparent. Volubility differences between isomers of
the same degree of alkylation would be minor, thus maintaining isomeric ratios
to a large extent. The distribution of alkyl phenanthrenes suggests that the
increase of higher over lower molecular weight components is due to differen-
tial solution and not degradation. It should also be noted that the largest
increase occurs between the reservoired oil and the near-surface sediment
(Table 11).

Alkyldibenzothiophene distributions were similar for all four hydrocarbon
mixtures (Fig. 6). There was again a preference for higher over lower molecular
weight components within the sediment extract, slick and tar ball as compared
to the reservoired oil.

In general, the wavelengths of maximum fluorescence increase with
increasing ring number (Brooks et al., 1983; 1986a; Kennicutt and Brooks, 1983;
Kennicutt et al., 1986). The reservoired oil has significantly more fluorescence
due to more highly condensed aromatic compounds than the extract, slick or
tar ball (Figs. 7 and 8). In this case, the near-surface residues appear to be
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Fig. 6. The distribution of dibenwthiophene and Cl-, C,-, and C;-dibenzothrophenes in the four
hydrocarbon fluids studied.

enhanced in lower molecular weight compounds over the reservoired fluid.
This is in contrast to the specific compound class analyses afforded by GC/MS
and GC-FPD, where within a homologous series, the higher molecular weight
compounds are enhanced over lower ones. Changes in alkylation cause only
minor shifts in fluorescence spectra (Brooks et al, 1966a; Kennicutt et al.,
1986).

Three processes determine the composition of the near surface fluids. Two of
these, dissolution and degradation, tend to deplete the fluids in lower
molecular weight components. Degradation greatly depletes the norma and
branched alkanes in the fluids. The third, migration, tends to preferentially
enhance lower over higher molecular weight compounds which have less
mobility. The end product is a fluid depleted in larger ring number aromatic
compounds, as evidenced by fluorescence analyses, as well as in the less
alkylated compounds within a homologous series, as evidenced by GC/MS and

GC-FPD analyses (Table II).
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Fig. 7. Total scanning fluorescence spectra of the four hydrocarbon fluids studied (three dimension-
al presentation).

Carbon isotopic compositions - C15*

The carbon isotopic composition of the aliphatic and aromatic fractions of
reservoired oils, sediment extracts, a sea slick and a tar ball are summarized in
Table HI and Fig. 9. The carbon isotopic composition of the sediment extracts,
sea slick and the tar ball fall within the range of reservoired Gulf of Mexico
oils. The range of oils presently known in the GC area is relatively restricted
inits carbon isotopic composition. The larger range of sediment extract carbon
isotopic composition may be due to mixing with carbon isotonically light,
sedimentary indigenous lipid material or alteration in the near-surface
sediments. However, carbon isotopic compositions are in genera relatively
resistant to microbial alteration The range of carbon isotopic values is larger
than would be expected given known production in the area, though a majority
of the sediment extracts carbon isotopic compositions are similar to the reser-
voired oils. The sea slick and tar ball compositions fall close to the ranges for
sediment extracts but would appear to be isotonically different from the known
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TABLE 111

Summary Of the carbon isotopic compositions of high molecular weight hydrocarbons at a seep
zone in the Green Canyon lease area

Sample Aliphatics* Aromatics’

Reservoired oil®

GC-184 (9026) -2%.4 - 265
GC-184 (9050) -26.5 -26.5
GC-184 (6458) —-26.9 -26.6
GC-52 (4500) —-26.9 -26.7
Average T26.7(+0.3) ~266(£0.1)
Sediment extracts
0-20 -26.4 —26.6
21-40 -27.7 -27.7
0-20 -26.8 -26.6
2140 -26.8 -26.6
41-60 -28.6 -26.6
61-80 -26,5 -26.5
81-100 -26.7 -26.6
141-160 -26.7 -26."7
161-180 -26.7
141-160 -26.8 -26.6
Average, this study —26.8(+0.4) T26.7(+03)
Average, Anderson et al., -27.0(¢ 10) -26.9( % 0.8)
(1983) (n = 19) :
Sea Slick -25.7 - 264
Tar Ball -26.3 -27.3

* $13C values vs. the PDB standard deviation are given (%); NBS-22 = - 29.8%..
*Subsurface deptha (feet) are given in parentheses.
‘ Depthsin cm.

reservoired oil in the GC area. The reason for this difference, given the high
degree of similarity of numerous molecular level analyses, is not clear. It is
possible that the sea slick and tar ball contain some input of non-Gulf of
Mexico oil that was present at the sea surface. However, this component would
not appear to be important based on other analyses.

Selected biomarker distributions

Biological marker distributions are similar between the reservoired oil and
the three near surface hydrocarbon mixtures (Figs. 10-12; Table IV). Sediment
extracts often have triterpane and sterane distributions that are reduced in
intensity, though the concentration ratios are similar to those in reservoired
oil. The tar ball is similar to the reservoired oil in al biomarker distributions
except for the ratio of Cy to Cpe hopanes.

Triterpane distributions are typical of mature Gulf of Mexico oils, with Cy
and C, being the predominate hopanes. The ratios Ts/Tm (C,, steranes) and
2027/(20S + 20R) (S and R isomers) for C;,_3 hopanes are similar for al four
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TABLE IV

Relative compositions of selected biomarkers*

Reservoired Sediment® Surface Tar
oil extract slick ball

Triterpanes

Ts/Tm 0.8s 0.95 0.87
Hopane Cyx/Cy 1.25 1.12 0.87

SR -t &)

Cy 058 0.56 0.58

C 0.63 0.62 0.62

Ca 0.59 0.61 0.62

Cae 0.67 0.76 0.68
Hopane/mor etane

CEICE 11.05 10.10 11.67

Ca/Coo 12.3s 8.44 6.32
Steranes®

SR+ S

Cy 0.46 0.53 0.52

Cx 0.69 0.65 0.64

Cn, 0.59 0.66 0.60
aa/Bf

Cy 0.61 0.66 0.77

o 0.98 1.01 1.20

o 0.62 0.68 0.80
Triaromatized steranes

Cp + Cy/Co~Cos 0.23 0.21 0.15 0.27

Cp/Cx + Cp 0.56 0.48 0.38 0.61

Cy/Cxp + Cy 0.67 0.59 0.50 0.69

¢ All ratios are calculated on integrated areas from their respective fragment ions (triterpanes,
m/z . 191; steranes, m{z = 217; triaromatized steranes, m/z = 231).

*The sediment extract triterpane and sterane traces were highly altered

“Cqy and Cy steranes contain coeluting diasteranes.

hydrocarbon fluids (Table IV). As mentioned, the sea slick and tar ball are
depleted in Cy- relative to Cy-hopane as compared to the reservoired oil. The
dlick and tar ball are also depleted in the C4 -hopane relative to moretane, as
compared to the reservoired oils, suggesting preferential loss of the Cy-hopane.
The reason for these subtle differences are not clear and may simply reflect the
range in the properties of reservoired oils in the area

Sterane distributions are aso similar for all four hydrocarbon fluids (Fig. 10;
Table IV). One observation is the depletion of BB steranes over aa steranes in
the near surface fluids compared to the reservoired oil. This depletion is
present in all three sets (i.e., Cxza2) Of sterane peaks. This feature may reflect
variabilit y in the reservoired oils. Triaromatized sterane distributions are very
similar for all four hydrocarbon mixtures (Fig. 11). A slight depletion
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in lower molecular weight compounds is observed in the sediment extract and
sea slick for triaromatized steranes OVEr the reservoired Oil.

CONCLUSION

Oil and gas generated deep in subsurface strata have migrated up faults to
the near surface on the Gulf of Mexico continental slope. In the area studied,
the amount of oil in the sediments is sufficient for globules to leave the
sediment, rise to the seawater surface and form slicks and tar balls. Conditions
are such that gas hydrates have formed in the sediments. Extensive alteration
of oil and gas has directly led to the authigenic formation of isotonicaly light
carbonate through the biologically mediated formation of excess CO,. Deeply
reservoired CO,(6®C = + 7.6, + 11.1) is present in the hydrate lattice and
interstitial waters. The hydrate gases have undergone little or no isotopic
fractionation during migration through severa thousand meters of sediment.

Liquid hydrocarbons are subject to changes during migration as well as,
after their arrival at the near surface. Many characteristics of the molecular
distribution patterns are similar between the reservoired oils and the near
surface fluids, including the compositions of the higher alkylated (> C,)
aromatic compounds, triterpanes, steranes and aromatized steranes. These
similarities directly link sediment extracts, sea slicks and tar ball formation
with a common source in the reservoired oils. Migration tends to concentrate
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Cn . L Cn c
" o‘! Cae # ! "
Cae Ww \N«I\J‘-.L“—__
Sea Slick Tar Bdl
cm Cr
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Fig.12. The distribution of triaromatized steranes in the four hydrocarbon fluids studied (m/
z = 231).
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lower molecular weight compounds. whereas degradation and dissolution con-
centrate higher molecular weight compounds in the residue. The end-product
fluid is depleted in larger ring aromatics as well as parent and shorter chain
alkylated compounds within a homologous series. Alteration of the fluid
reaching the sea surface can occur in the sediment as well as in the water
column, though this will be a function of the residence time of the fluid at a
particular location. The relative locations of the hydrocarbon fluids do not
necessarily reflect an orderly or sequential relationship.
This and other studies suggest that natural liquid and gaseous hydrocarbon
seepage is a wide-spread phenomenon in the marine environment.
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Abstract-Sediments on the Gulf of Mexico continental slope contain a mixture of terrigenous,
petroleum and planktonic hydrocarbons. The relative amount of these three inputs varies as a
function of location, water depth, and time of sampling. The hydrocarbon concentrations
measured are generaly lower than those previously reported for shelf and coastal Gulf of Mexico
sediments. The influence of land-derived material decreases from the central to the western to
the eastern Gulf of Mexico. Petroleum inputs are measurable at all sites sampled. Natural
seepage was considered to be a significant source of hydrocarbons to slope sediments. Hydrocar-
bon concentrations vary by 1-2 orders of magnitude along a given isobath due to changesin
sediment texture and hydrocarbon inputs. Variability along an isobath is as great if not greater
than that seen over a depth range of 300-3000 m along a single transect. In general, the highest
aliphatic hydrocarbon concentrations are associated with the more clayish/organic-rich sedi-
ments. Aromatic hydrocarbons are below gas chromatographic detection limits at all sites
(<5 ppb), but their presence is inferred from spectrofiuorescence analyses. confirming the
presence of petroleum-related hydrocarbons at all sites.

INTRODUCTION

THE OUTER continental shelf and slope in many areas of the world contain potential 0il and
gas reserves that only recently have become accessible. New technology, as well as new
applications of old technology, has made the exploitation of mineral reserves in water
depths exceeding 300 m economically feasible (Feooerson, 1982; HEDBERG, 1983;
ANONYMOUs, 1983). The energy industry 1S rapidly moving into deeper and deeper water
in the search for oiland gas t0 meet the world’s energy needs (HunT, 1983; SHANK S,
1983).

The onset of deep-water drilling activities may have, as has been suggested for shallow
marine waters, an effect on marine hydrocarbon concentrations. A large number of
reports have monitored the effects of petroleum development on the continental shelf
(e.g. Miooieoitcn etal., 1977, 1978, 1979; LYTLE and LyTLE, 1979; MEeNzIE, 1983;
Gassmany aNd PockLINGTON, 1984; Richaroson, 1984), but little or no information is
available at sites in water deeper than 350 m. In view of the potential hydrocarbon
reserves in the deep (>300 m) Gulf of Mexico and the technological advances in deep-
water drilling operations, the U.S. Department of Interior's Minerals Management
Service deemed it important to develop a basic knowledge of deep Gulf fauna, their
environment and ecological processes in advance of impending petroleum development.

*Department of Oceanography. Texas A&M University, College Station, TX 77843. U.S.A.
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The program included the characterization of the present levels of hydrocarbon contami-
nation in the sediments and selected biota in anticipation of petroleum resource
development beyond the shelf slope break. The concentrations. distributions. and
sources of hydrocarbons in Gulf of Mexico continental slope sediments are reported here
for the first time.

METHODS

Sample locations and collection

Sediment samples for high molecular weight hydrocarbon analyses were collected
during five cruises between 1983 and 1985. Locations of the sampling stations are shown
inFig. 1. Either three or six replicate samples were taken at each station using a
30 x 30 cm stainless steel box core. Undisturbed, uncontaminated replicate samples
were taken from the top 10 cm of sediment immediately after removal of the overlying
seawater. Subsamples for hydrocarbon analyses were stored frozen (-20°C) in precom-
busted glass jars. Each individual core sample from cruises | and Il was analysed.
Sediments from cruises 111, 1V, and V were pooled as one representative sample for each
station.

Precleaning of all equipment and glassware included extensive washings with micro
cleaning solution and triple rinsing with distilled water, acetone, and methylene chloride
and/or combustion at 400°C for 4 h. All solvents were nanograde purity (Burdick &
Jackson). Cleaning procedures were tested by collecting the final rinses and subjecting
them to the entire analytical scheme. Blanks were reduced to negligible levels for al
parameters monitored.

Fig. 1. Sampling locations on the Gulf of Mexico continental slope.
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Digestion, extraction and separation

The digestion and extraction procedures followed, withslight variations. those of
FarringTON et al. (1973) and Dunn (1976). Fifty grams of homogenized, freeze-dried
sample were mixed with 90% ethanol or methano! (150 ml). hexane (60 ml). and KOH
(10 g). The mixture was refluxed at 80°C for 3 h. The digested material was filtered and
extracted three times with hexane. The combined extracts were washed three times with
distilled water (500 ml each), dried with anhydrous Na,SO, (3 g), and treated with
activated copper to remove sulfur. After sulfur removal, the extracts were roto-
evaporated to near dryness and transferred to clean, precombusted vials using small
vo.umes Of hexane. At all times care was exercised to ensure that the extracts did not go
to complete dryness to prevent loss of the more volatile sample components.

The extracts, dissolved in 0.5 ml of hexane, were fractionated into saturated (f1) and
aromatic/ester (f2) fractions using alumina/silica gel (80-100 mesh) columns (10 g each).
Silicagel and alumina were activated at 150 and 350°C. respectively, for 16 h and then
partially deactivated with 5% distilled water (w/w) (BARRINGTON et d., 1973). The
columns were eluted with 100 ml of hexane (f1) and 100 ml of benzene: hexane (50:50)
(f2). After collection, each fraction was roto-evaporated, transferred to a precombusted
vial, and dried. The aliphatic fractions were weighed to 0.1 pg on a Cahn Electrobalance
by dissolving the sample in 100 pl of methylene chloride, withdrawing a 10 pl aliquot,
and applying it to a pre-weighed filter pad.

The benzene: hexane fractions were further. purified using Sephadex LH-20 columns
(25-100 mesh) after Rawvos and Pronaska (1981). The columns were calibrated by
eluting a mixture of azulene and perylene of sufficient concentration to be visible under
u.v. light. Aromatic standards were also run to confirm the fraction to be collected as per
Rawmos and Pronaska (1981). Samples, dissolved in | ml of the eluting solvent (cyclo-
hexane:methanol: methylene chloride, 6:4:3) were applied to the top of the column. The
purified f2 fractions were roto-evaporated, transferred to a vial, and weighed as
described for the hexane fractions.

All samples were spiked with known amounts of internal standards to correct for
experimental losses and incomplete extraction. Internal standards (1S) included
n-decylbenzene, n-tetradecylbenzene (aliphatic), 1, 1-binaphthyl, and 9, 10-dihydro-
anthracene (aromatic). The internal standards were sufficiently resolved by gas chroma-
tography from all sample components and were added at concentrations similar to the
sample components of interest.

Gas chromatography (GC)-gas chromatography/mass spectrometry (GC/MS)

Fractions f1 and f2 were quantified by fused silica capillary GC using a Hewlett-
Packard gas chromatography (Model 5880) in a splitless capillary mode. Fused silica
capillary columns coated with a bonded phase (BP/QC2; SGE, Ltd) were used to obtain
separation of the extract components. Columns were 50 m long with 0.25 mm id.
Helium was used as a carrier gas at a flow rate of 2-3 ml rein-l and as a make-up gas
between the capillary column and the flame ionization detector (FID). Temperatures
were set at 300°C and 350°C for the injector and detector, respectively. Typical
instrumental parameters were: initial temperature, 80°C (O rein); rate, +6°C rei’-’; fina
temperature, 300°C (20 rein).

Compounds in the gas chrornatograms were identified and quantified by comparing the
retention times and detector responses with the corresponding authentic standard.
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Unresolved complex mixture (UCM) concentrations were calculated based on the
average n-alkane response over the volatility range covered and the integrated area
above the baseline.

GC/MS was used to confirm the identify of the sample components and to identify,
when possible, any unknown compound with the use of mass spectral libraries and
standards. The GC/MS analyses were conducted with a Hewlett-Packard 5995 GC/MS
system coupled with a Hewlett-Packard 1000 data system. Typical operating conditions
for the mass spectrometer were: source temperature, 300°C; electron energy, 70 €V; and
scan rate, 215 amu SI. GUMS columns and oven conditions were the same as those
established for quantitative gas chromatographic analyses. Helium was used as carrier
gas at aflow rate of 2 ml rei”-’. A splitless injection technique was used and the total
column effluent was routed directly into the ion source of the mass spectrometer.

RESULTS AND D[SCUSS10ON

Sediments on the Gulf of Mexico slope contain a mixture of terrestrial, petrogenic and
planktonic sourced hydrocarbons. Molecular level alkane distributions are similar at ali
locations sampled whereas the quantitative importance of the three mgjor inputs varies
with location, time of sampling and water depth. However, hydrocarbon concentrations
are relatively uniform across the slope given the large geographical area. Extractable
organic matter, aliphatic hydrocarbon concentrations and the aliphatic unresolved
complex mixture range from 4.0 to 94.2, 0.1 t0 5.2, and 0.7 to 81.4 ug g™* dry weight of
sediment, respectively (Table 1). These concentrations are generally lower than pre-
viously reported for Gulf of Mexico sediments (Table 2).

Individual hydrocarbon compounds are present at concentrations ranging from <0.01
to 0.5 pg g1. In general, the qualitative molecular level alkane distribution is similar at
all sites sampled. The dominant n-alkane in the 15-22 carbon range is variable, whereas
the normal alkanes with 23-32 carbons are consistently dominated by n-C,g or n-Cs;.
Alkane distributions for the Central Transect during cruise | are typical for al locations
sampled (Fig. 2).

Table 1. The averages and ranges (values in parentheses) for-selected hydrocarbon
parameters in Gulf of Mexico continental slope sediments (pug g-' dry weight of

sediment)

Cruise Location Extractable Aliphatic Aliphatic

(transect) organic matter hydrocarbons UCM

I Central 28.4 1.6 233
(13.9-61.3) (1.3-2.0) (19.3-29.8)

11 ' Central 21.7 1.7 8.9
(18.0-25.2) (1.6-1.8) (6.0~14.0)

Western 26.0 1.1 11.1
(14.0-55.2) (0.8-1.3) (5.2-11.4)

Eastern 8.6 0.7 5.4
(7.6-10.9) (0.5-1.0) (3.2-7.3)

[11 Central 18.1 1.4 9.7
(4.044.4) (0.64.6) (4.4-17.4)

v West/central 30.0 0.9 16.8
(17.7194.2) (0.4-5.2) (4.2-81.4)

\Y Eastern 7.2 0.2 2.0

(4.7-13.4) (0.1-0.4) (0.5-5.0)




Table 2. Summary of Gulf of Mexico sediment hydrocarbon analyses (concentrations are averages, ranges in parentheses)

Total HC Saturated HC Predominant
Location *(ugg™) Source References
Texas/Louisiana—coast al* (20-190) B/(P) SwmitH, Jr (1952)
TexadL ouisiana--eoastal* Low concentrations B Stevens elal. (1956)
Gulf of Mexico—coastalt Biogenic waxes B Bray and Evans (1961)
Florida (Bay)—sandy sediments} 4.4 2.0 B Patacaseral. (1972)
—muddy scdimentst 86.0 30.0
N.E. Coast—sandy sedimentst 5.8 1,14 B/(P) PaLacaser al. ( 1976)
(0.2-19.9) (0.1-3.8)
STOCS—coastalt 1.14 0.2 B/(P) PARKER € al. (1976)
(Before, during and after (0.22-5.6) (0.1-0.5)
drilling activities)
Texas/Louisina~—coastal bankst 0.02-0,80 B PARKER (1978)
MAFLA—nearshore Florida (<40 m)t 1.90 0,86 B BoeHm (1979)
(0,29-1.60)
—>40 m Floridat 1.39 U.83 B/(P)
(0.29-1.89)
—Mississippi/Alabama Shelft 161 1.1 B/P
(0.28-2.89)
Freeport, Texas—coastalt 7.15 0.71 B Stowey (1980)
(0.9-45) (0.1-2.4)
Texas Shelft 1.7 0.5 B LvTLE and LyTLE (1979)
(1.4-2.0) (0.4-0.5)
Florida coastal (<60 m)t 31 B/P GEARING & al. (1976)
W. of Mississippi R.-coastal (<60 m)+t 1.7 B/P GEARING et al. (1976)
Texas/Louisiana—coastalt 36.5 21.4 B/IP NuLtoNetal. (1981)
(5.71-87) (3.1-50)

* Method, gravimetry.
1 Method, GC, GUMS,
B = biogenic; P = petrogenic.
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Fig. 2. Molecular level alkane distributions for sediment from the central transect during
cruise 1.

Hydrocarbon sources

Molecular level and bulk parameters can be used to estimate the relative importance of
hydrocarbon sources at a given location. These parameters are based on the premise that
hydrocarbon sources have unique fingerprints, i.e. certain recognizable suites of com-
pounds. In nature however, few unique end-members occur, To better understand the
dynamics of hydrocarbons in Gulf of Mexico slope sediments several diagnostic para-
meters were monitored:

Source Indicator compound Abbreviation

Planktonic/petroleum Zn-Cs.17.19; pristane PL-1

Petroleum/(pianktonic?) Zn-Cyg_ir.20; phytane RE-Lo

Land/( petroleum) z.‘l-c:_g_z-;.zq““ TERR

Petroleum/(biogenic) £1-Cay 269830 PE-Hi

Petroleum/(biogenic?)/ Unresolved complex mixture UCMm
Recycled

To use these indicators certain assumptions are made and heed to be understood for the
proper evaluation of the observed distributions. Plankton generally produce a simple
mixture of hydrocarbons dominated by #-C;s17.19 and pristane, so the presence of these
compounds can be useful as a planktonic indicator (PL-1) (CLARK and Brumer, 1967;
BLumer efal., 1970; GOUTX and SALIOT, 1980; SALIOT, 1981). Petroleum also contains
these compounds but usually contains Nearly equalamounts of 7-Cis.18.20 and phytane as
well ( BARRINGTON and Tripp, 1977; BarrincTON €f al., 1973; NAS. 1975. 1985:BOE’4M~
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1979; Brooks, 1979). Thus a low molecular weight petroleum indicator (PE-Lo) can be
used to assess the petroleum contribution to the planktonic indicator. In this case, we
assume the contribution Of petroleum to each indicator is equal, therefore the planktonic
component can be inferred as PL-1 minus |? E-Lo. This assumption is based on an
extensive evaluation of over 400 Gulf of Mexico oils to be presented elsewhere. Gulf oils
are typically mature to very mature with equal amounts of odd and even normal alkanes.
Gulf of Mexico oils are generally dominated by alkanes between Cs and C,s accompanied
by arapid decrease with higher molecular weight. Alkanes with >25 carbons are
generally only a minor component of the ails.

Straight chain biowaxes with 25, 27.29 and 31 carbons have been used extensively as
an indicator of terrestrial or land-derived input (Gearnc e al., 1976; BarrincTon and
Trirp,1977; GiGer and SHAFNER, 1977; GiGerer al., 1980; wakenam and BARRINGTON,
1980). As such, the sum of these four normal alkanes can be used to indicate the
terrestrial (TERR) hydrocarbon component. As with the planktonic indicator, these
normal alkanes can also have a source in petroleum. Again, in genera Gult of Mexico
petroleums contain near equal amounts of 7-Caa 262830 (PE-Hi). No evidence is known
for immature petroleum reservoired in the Gulf which would contain a significant odd
carbon preference. Immature extracts can be obtained from deeply buried sediments but
this material would tend to remain in situ. As in the planktonic indicator, the terrestrial
component can be estimated by subtracting the PE-Hi from the TERR concentration.
Plants themselves also contain significant amounts of indigenous even carbon alkanes.
Thus, this type of indicator provides a maximum petroleum indicator and a minimum
terrestrial indicator over this-molecular weight range. It should again be noted that most
Gulf oils contain relatively small amounts of >25 carbon n-alkanes. The mixing of recent
terrestrially derived hydrocarbons with mature oil would maintain a high CPI due to the
mass balance. Thus the petroleum indicator is divided into alow and high molecular
weight indicator to minimize the high estimates of petroleum due to biologically
(terrestrial) produced n-alkanes.

These parameters, with the previously stated assumptions, can be used to assess the
dynamics of hydrocarbons on the slope as a function of water depth. location, and time of.
sampling. In generai, water depth will be considered with location and time of sampling
discussions . These indicator parameters are also evaluated in terms of other parameters
such as: the UCM, an indicator of petroleum input; carbon preference index, an
indicator of the relative amounts of odd and even normal alkanes; and bulk sediment
parameters such as carbon isotopic compositions in order to more fully understand the
observed distributions.

A real distribution

Sampling during cruise H was undertaken to assess the distribution of sediment
hydrocarbons on transects from the central, western and eastern Gulf of Mexico
continental slope (Fig. 1). Extractable organic matter (EOM) is a composite of both
biologicaly produced and petroleum-related lipid material. In general, EOM is lowest
on the eastern transect and nearly equal on the western and central transects, with the
exception of Sta W1 (Fig. 3). The aliphatic UCM, a petroleum indicator, is similar for
all three transects though slightly elevated in central transect sediments (Table 1). The
elevated EOM at Sta. W1 corresponds to an increased UCM (i.e. petrogenic compo-
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Fig. 3. Variation in extractable organic matter and the aliphatic unresolved complex mixture
along transects in the eastern, central, and western Gulf of Mexico continental slope.

nent). The UCM which is used to indicate petroleum does not delineate the source of the
petroleum, i.e. seepage, the water column or recycled organic matter.

The influence of land-derived material decreases from the central to the western to the
eastern transect (Figs 4 and 5). Terrestrial hydrocarbon concentrations, as indicated by
the Zn-Cys 272031 (TERR), are relatively uniform with water depth on the central and
western transects, whereas terrestrial content increases with water depth on the eastern
transect. The influence of the land and/or river-derived material, as suggested by the
predominance of odd #-alkanes from C,3 to Cy,, is readily apparent at al three locations
and accounts for a majority of the GC-resolvable alkanes.

Planktonderived hydrocarbons are low compared to the terrigenous and petroleum
hydrocarbons and are often difficult to discern at the central and western transects (Figs 4
and 5). In general, the planktonic input is higher at the shallower stations of these two
transects. The low planktonic hydrocarbon concentrations in the western and central
transects may be due to the high sedimentation rate and/or dilution with terrestrial
material. On the eastern transect, the planktonic input is discernible and relatively
constant with depth. In general planktonic inputs accounted for < 10°/0 of the GC
resolvable alkanes. Sediment biogenic hydrocarbons on the sope are dominated by the

it ——s .
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Fig. 4. Variation in hydrocarbon source parameters along transects in the eastern, central, and
western Gulf of Mexico continental slope (for definition of abbreviations see the text).

more microbially resistant terrestrial components and the degree of dominance was a
function of proximity to the Mississippi River and the topography of the slope.
Petroleum inputs, measured both by alkane parameters and the UCM, are present at
all sites (Figs 3-5). In general less petroleum is indicated at the eastern than the western,
with the highest values at the central transect. Petroleum hydrocarbons (a maximum
estimate) are observed at low concentrations at al locations. In an effort to determine if
the petroleum hydrocarbons detected are sourced in transported particles or due to
upward migration, the petroleum indicators are compared to terrestrial and planktonic
indicator distributions (Fig. 6). The genera relationships might suggest a dual source for
petroleum hydrocarbons. Low molecular weight hydrocarbons (PE-Lo) tend to increase
with an increased terrestrial input on the eastern transect, but do not on the central and
western transects. The higher molecular weight petroleum indicator (PE-Hi) strongly
correlates with the terrestrial indicator (TERR). In this case, this simply reflects the large
biogenic contribution to PE-Hi indicator. From this cross-plot, the ratio of the two
parameters corresponds to a carbon preference index of -4.3 indicating that a mgjority
of the PE-Hi in these samplesis biogenic in origin. Pre-industrial revolution sediments
show a similar CPI of 4.9 (waoe and Quinn, 1979). Compared with Stas W2-WS5, Sta.
W 1 contains significantly elevated petroleum hydrocarbon concentrations (see Fig. 7) as
determined by the UCM which is an estimate of the amount of petroleum hydrocarbons.
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The UCM varies independently of the planktonic or terrestrial input (Fig.-7). This may
suggest an indigenous source such as upward migration from deeper reservoirs. How-
ever, any attempt to correlate petroleum and terrestrial inputs assumes that the relative
amount of petroleum to terrestrial hydrocarbons transported to the location is constant
with time, which may or may not be true. Extensive natural hydrocarbon seepage
documented on the Gulf of Mexico continental slope further supports natural seepage as
a major petroleum hydrocarbon input to Gulf of Mexico slope sediments (Anoerson €t
al., 1983; Brooks et d., 1984, 1987). Piston coring on the Gulf sope have shown that
petroleum hydrocarbons increase in concentration with depth in areas of known Seepage
(i.e. separate phase oil droplets in the sediment) and that the bitumens match isotonically
and compositionally the deep reservoired fluids (KennicutT €t al., 1986; Lacerpa et al.,
1986). Itisalso evident that some fraction of the petroleum hydrocarbons are trans-
ported to the slope by river/land-derived particles. The UCM can be due to recycled
material and cannot necessarily be distinguished as due to a single source.

Temporal variations

Cruise |, November 1983; cruise H, April 1984; and cruise I, November 1984 all
sampled the central transect in an attempt to document changes between different
sampling times. The distribution of EOM and aliphatic UCM during these three
samplingsis shown in Fig. 8. On an average, the aliphatic UCM was highest on cruise |
primarily due to the elevated levels measured at Sta. Cl (Fig. 8, Table 1). UCM
concentrations during cruise I and at the shallower stations of cruise III (<1500 m) were
similar- During cruise ILI the UCM was higher than cruise II by a factor of 1.5-2.2 at
stations deeper than 1500 m. Molecular level indicators are similar along the central
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transect during cruises | and Il (Figs 9 and 10). Variability with depth was observed
during cruise 111 sampling. Shallower stations during cruise HI had a decreased hydrocar-
bon content possibly due to dilution with inorganic material. Terrestrially sourced
hydrocarbon concentrations are reduced over the entire cruise III transect as compared
to cruises | and II. The deepest stations (> 1500 m) on cruise |l have elevated levels of
petroleum hydrocarbons. This is substantiated by the hydrocarbon source parameters
previously discussed (Figs 9 and 10). Examination of carbon preference index distribu-
tions and gas chromatograms suggest the presence of relatively fresh petroleum hydro-
carbons probably from oil seepage at the deepest stations (Fig. 11). Station C7 also has
the lowest CPI of this transect suggesting anomalously high petroleum hydrocarbons.
The maintenance of a high CPI with the presence of mature petroleum can be explained
by the mixing of an oil substantially depleted in >C,s alkanes (typical Gulf oil) with a
sediment dominated by odd carbon >C;s terrestrially derived hydrocarbons. Recycled
organic matter tends to be signicantly reworked by evaporation, dissolution and mi-
crobial degradation leading to a depletion in aliphatic hydrocarbon. These differences
between samplings most likely represent the patchiness associated with hydrocarbon
distributions and do not reflect a temporal change (i.e. flux).
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Fig. 11. Variation in the carbon preference index as a function of depth along the central
transect during cruise HI and a representative fused silica gas chromatogram of the aliphatic
hydrocarbons from Sta. C-5, cruise I11.

Variability along isobaths

Cruise V in the eastern Gulf of Mexico occupied stations along three isobaths to assess
lateral variation in the measured parameters. Hydrocarbon parameters are summarized
in Table 3. Bulk and molecular level parameters are low compared with previous
samplings and represent some of the lowest values measured during this study (Table 1);
as such the variability observed along this transect is probably a maximum. These
sampling sites were chosen to contrast sediment texture which will also contribute tw
the observed variability of hydrocarbon parameters. The aliphatic UCM and total EOM
vary by factors of 1.7-7.6 at a given depth. Molecular level indicators (i.e. individual
component sums) vary by a factor of 2.0-7.6 along a given isobath. These data suggest
that, at these low concentrations, hydrocarbons are as variable along isobaths as they are
with water depth. These data also emphasize the patchy nature of hydrocarbon distribu-
tions. Bulk sediment parameters such as percent sand, varied by as much as a factor of 3
along an isobath, illustrating variations in sediment texture as well.

Samples along isobaths in the central and western Gulf were also taken. Stations from
cruises I, Il, 111 and IV at -250 m are compared in Table 4. The variability in
hydrocarbon parameters reflecting terrestrial input show the greatest variation. as much
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Table 3. Variability in hydrocarbon parameters along isobaths—eastern Gulf of Mexico

Variable ranges

Depth (m) 342-3S3 619630 819-859
Paramcter n=4d n=0 n =3
Total EOM 55134 4.7-9.9 4.9-8.2
{ppm) 9.7* (6.8) . (5.8)
Aliphatic UCM (.7-5.0 (.538 0.7-3.1
(ppm) (3.0) (1.8) (L.7)
PL-1% 11.994.1 8.1-59.1 6.9-44.8
(ppb) (54.3) (29.9) (23.9)
TERR® 36.0-74.0 55.9- [20 23.4-148
(ppb) (55.9) (78.6) (122)
PE-Lot 13.3-101 13.5-39.8 11.0-27.3
(ppb) (56.2) (21.1) (18.8)
PE-Hit 14.4-30.3 20.4-53.1 “ 175776
(ppb) (22.3) (33.1) (48.6)
Terrigenoust 21.6-49.8 24.0-66.7 5.9-99.5
(ppb) (33.6) (45.4) (72.8)
Petroleumt 3?2758152;.8 34.6-67.9 28.5-104
b . (54.3 (67.4)
Plzggﬁxgnici 0.0-2.8 0.0-26.1 0.0-17.5
. Average.

t+PL-1= Zﬂ'cls.n_w and pﬁstal'lC; TERR = Zn-Cis 29 29314 PE-Lo= Zn-Cm.m.m and
phytanc; PE-Hi = Zﬂ‘Cy,_x_zg_m.

$ Terrigenous = (TERR) - (PE-Hi); petroleum = (PE-Lo) + (PE-Hi); plankto-
nic = (PL-1) - (PE-Lo).

Table 4. Variability in hydrocarbon parameters along isobaths—Western central Gulf of

Mexico
Depth (m) , 298-371* 547-550+ 748-759%
Parameter n=o6 n=3 n=3
Total EOM 15.9-61.3 17.4-23.9 17.0-57.9
(ppm) (34.5) (20.6) (30.9)
Aliphatic UCM 6.0-31.4 6.9-7.9 5.6-11.9
(ppm) (15.6) (7.6) (8.4)
PL-1 36.3-175 47.445.3 50.048.0
(ppb) (122) (56.4) (59.9)
TERR 93.4-1080 109-2731 169-181
(ppb) (546 (201 (176
PE-Lo 36.2-155 39.1-52.5 43.448.9
(ppb) (loo) (43.7) (45.2)
PE-Hi 70.9-280 80.6~122 48.0-9)6.6
b 172 99.4) 64.8
Te P hous 2581 29.2-252 83,0 131
(ppb) (375) (101) (112
Petroleum 123-388 119-162 91.4-140
(ppb) (272) (143) (110)
Planktoric 0.1-57.7 4.0-26.2 6.6-19.1
(ppb) (21.5) (12.7) (14.7)

* Cruises!, 11 and I, Stas Cl and WI; cruise 111. Sta. C6; and cruise IV, Sta. WCl.
+ Stations WC2, WC4. WC8.
t Stations WC3, WC9, WC10.
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as 40-fold. The plankton indicators are aso highly variable, most likely due to dilution
with terrestrially sourced material. Bulk parameters such as clay content vary by a factor
of 2 and sand content varies from 0.5 to 36.6% at these six locations. These variations
again reflect the substantial influence of river/terrestria -derived material. Three samples
from cruise IV along the 550 and -750 m isobath are relatively uniform. The lateral
extent covered is relatively small as compared to the 350 m isobath sampling. Bulk
parameters are also uniform at these locations.

Seep to non-seep comparison

Stations occupied in known seep areas of the west/central Gulf of Mexico were
compared to control stations. In general the petroleum indicators are elevated by a factor
of two to three at the seep vsthe non-seep sites (Table 5). Most of the petroleum isin the
form of EOM and aliphatic UCM. This suggests that the petroleum is substantially
biodegraded. Variability in hydrocarbon concentrations at seep/non-seep areas is of the
same order of magnitude as along isobaths with varying sediment type. Previous
samplings have retrieved sediments with total EOM as high as 150,000 ppm as contrasted
to the average of 60.3 ppm for the two “seep” sites sampled in this study. This again
emphasizes the patchy nature of hydrocarbon distributions and in particular the non-
uniform distribution of petroleum seepage in any given area. The extremes of petroleum
hydrocarbon input to slope sediments are not represented in this set of samples, though
previous work documented that the samples are in an area of active, natural oil seepage.

Topographic features

One set of paired stations (WC-11 and WC-12) were taken to compare bottom
topography effects. The sediment sample at a topographic high is elevated in petroleum
hydrocarbons (Table 6). This difference cannot be ascribed simply to topographic

Table 5. Comparison of sediment hydrocarbon parameters at seep and non-seep locations
on the westicentral GUIT Of Mexico continental siope

Seep’ Non-seep? Ratio}

Parameter n=2 n=3
Totad EOM 26.3-94.2 17.4-23.9

(ppm) (60.3) (20.6). 29
Aliphatic UCM 6.2%456.2 6.?;’%.9 35

m . . .

F’L(-plp ) 1 3-2%2 47.445.3

(ppb) 212) (56.4; 38
TERE 1(1753%)3 ! 1(18621)3 095

b .

e o) 92.7-219 301 825

(ppb) (156) (43.7) 3.6
PE-Hi 99.%119 80.6-122

(pE®) (110) (99.4) 11
Terrigenous 46.8-117 29.2-151

(ppb) (82.1) (102) 08
Petroleum 193-457 120-174

{ppb) (266) (144) 19
Planktonic 52.1-60.0 4.0-26.2

(ppb) (56.1) (12.7) 4.4

. Stations WC6, WCY7.

+ Stations WC2, WCA4, wcs.
t Ratio of seep parameter: non-seep parameter.
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Table 6. Comparison of sediment hydrocarbon para-
meters at two different [Orographic settings

Wce-11 WC-12
Topo-Hi Top Low

Depth (m) 1226 1236

Total EOM 18.9 17.1
(ppm

Aligﬁau)c UCM 81.4 4.2
m

PL(-F;p ) 266 67.5
(ppb)

TERR 3070 183
b

PE(?Lpo) 248 457
(ppb)

PE-Hi 852 44.9
b)

Ter‘:?genous 2230 138
(ppb)

Planktonic 18.4 21.8
(ppb)

Petroleum 1100 90.6
(ppb)

differences and more likely suggests that an additional input of hydrocarbons has
occurred at Sta. WC-11. More detailed studies will need to be performed to understand
the relationship between hydrocarbons and topographic expressions.

Relationship to bulk parameters

In general, the highest aliphatic hydrocarbon concentrations were associated with the
more clayish/organic carbon-rich sediments. To understand more fully the sedimentolo-
. gical relationships, the three primary hydrocarbon sources are considered individually

since their distribution is controlled by different factors. The data must also be considered
in the context of the sampling design, i.e. areal, temporal and water depth depen-
dencies. The terrigenous or land-derived component tends to increase with clay content
within a given sampling period (Fig. 12). When the data are considered as a complete set,

80F o ‘-‘.s . ]
> 01 o :. foa
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Terr {ppm)

0.8

10 12

aCruise 1 Wesiern/Eastemn/Ceraral
eCrurse N Western/Central oCruse V' Eastern

Fig. 12. The relationship between a terrestrial hydrocarbon indicator and sediment clay

content.
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no trend is apparent. This may be due to a changing clay to terrigenous organic matter
ratio with time and location. Among the samples, the cruise 111 central transect and the
west/central samplings correlated least with grain size. This may be due in part to a
substantial petroleum input to the TERR indicator that is independent of the Mississippi
river or a variable terrestrial input. It is also probable that the distance the materia is
transported and the composition of the transported material varies with time. The largest
range in clay content was observed during cruise [ when the western, central and eastern
transects were sampled (Fig. 13). In this case, TERR generally increases with clay
. content and decreases with sand content. Within a given transect, the correlation does
not exist. In general, the relative importance of riverine material between geographical
areas can be estimated, though variability within a given area (i.e. along a transect) can
be substantial. Petroleum indicators were generally independent of grain size, though as
previously mentioned some component of the petroleum is apparently related to river-

associated particles (Fig. 14). Phytoplankton-derived hydrocarbons did not correlate
with grain size.

Aromatic hydrocarbons

Sediment aromatic hydrocarbons are below the GC/FID detection limit (-5 ppb) at all
locations sampled. This low level of individual aromatic compounds is consistent with the
low level of aliphatic hydrocarbons. The aromatics, though a significant fraction of the
total weight of a petroleum, are generally on an individual compound basis, an order of
magnitude less concentrated than the n-alkanes. The presence of aromatic hydrocarbons
at low concentrations was inferred from total scanning fluorescence analyses supporting
the conclusion that a low level chronic petroleum input is present at all locations
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Fig. 13. The relationship between a terrestrial hydrocarbon indicator @d theclay and sand
content of sediments from cruise I1.
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Fig. 14. The relationship between two petroleum hydrocarbon indicators and the clay content of
sediments from cruise 1.

sampled. This petroleum input could be due to sedimentation from the overlying water
column, transport of recycled organic matter from shallow water sediments (i.e. turbidity
flows) or petroleum seepage.

Carbon isotopic composition of sedimentary organic matter

The carbon isotopic composition of sedimentary organic matter for all five cruises is
summarized in Fig. 15. Isotopic data confirms the previously inferred influence of river/
land-derived material on the Gulf of Mexico slope. Though there are numerous
complicating factors, in general a more negative carbon isotopic composition suggests
greater land influence. Terrestrially sourced organic matter §'*C varies from --25 to
—28%o and planktonic-derived carbon varies from --16 to —21%. The average §*C of
sedimentary organic matter becomes increasingly positive from the central to the west
central to the eastern sampling sites (Fig. 15). This trend infers a decreased influence of
terrestrial material at the eastern sites. Further discussion of the carbon isotopic data will
be presented elsewhere.

CONCLUSIONS

Gulf of Mexico slope sediments contain a mixture of terrigenous, petroleum, and
planktonic hydrocarbons. The influence of river/land-derived material is widespread and
is probably delivered to the slope by secondary sediment movement such as a slumping
and slope failure. Petroleum hydrocarbons were detected at all locations and have a dual
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Fig. 15. Summary of the carbon isotopic composition of sedimentary organic matter.

source in natural seepage and river-associated transport. Other studies have suggested
that natural seepage is much more widespread on the Gulf of Mexico slope” than
previously thought and probably represents a significant if not a major input of petroleum
hydrocarbon to Gulf slope sediments (Brooks et d., 1985, 1987; Laceroa et a., 1986;
Kennicutrer al, 1986). In genera the concentration of hydrocarbon in slope sediments
was lower than previous reports for shelf and coastal sediments but no regular decrease
with increasing water depth was apparent below 300 m. Hydrocarbon distributions in
general are patchy on the slope and this maybe due in part to the non-uniform distribution
of natural seepage on the dope. Variahility in hydrocarbon concentrations were as much
as 1-2 orders of magnitude along an isobath due to changes in sediment texture and
hydrocarbon inputs. Hydrocarbons were preferentially associated with clayish. organic-
rich sediments, again suggesting a linkage with river-derived material. Aromatic hydro-
carbon concentrations were very low at al locations but their presence was confirmed by
fluorescence.

Large areas of the Gulf of Mexico slope may be exposed to high levels of natural
petroleum seepage. The implications of this as far as the adaption of biota to high
hydrocarbon levels and one' s ability to discern changes in hydrocarbon levels after oil
development has begun may be far reaching.
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Gulf of Mexico hydrocarbon seep communities
I1. Spatial distribution of seep organisms and hydrocarbons at Bush Hill
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Abstract

sediment and water samples were collected by submersible
in September 1986 at 16 locations on the carbonate cap
overlying aconical diapir, which was formed by the upward
migration of oil and gas through a subsurface fault on the
continental slope off Louisiana, USA (27°47'N; 91 °30.4'W).
The biological community at the site was photographed
quantitatively with still and video camer as. Rigor ous spatial
sampling indices wer e maintained sothat variation in chemi-
cal parameters and in the abundance of photographed or-
ganisms could be estimated within the bounds of the study
site. Concentrations of extractable organic material (EOM)
ranged from 0.24 to 119.26Y m in the sedimentsamples, while
methane concentrations in the water samples were from
0.037 to 66.474 uM. The visible biologica community was
predominantly composed of the chemosynthetic tube worms
(Vestimentifera) Lamellibrachia sp. and Escarpia sp., and an
undescribed, methane-oxidizing mussel (Mytilidae: Barhy-
modiolus-like), as well as diverse non-chemosynthetic orga-
nisms. The ranked abundarce of tubs worms was significant-
ly correlated @<0.05) with the concentration of EOM in
the sediment samples, while the abundance of mussels was
significantly correlated @<0.05) with the concentration of
methane in the water samples. Tube worms and mussels
both occurred in dense clusters; however, the clusters of
mussels had a more restricted distribution Within the study
site than did clusters of tube worms. Both organisms were
most abundant in the vicinity of the subsurface fault.

Introduction

Deep-sea communities of tubs worms (Riftiidae) and bival-
ves (Vesicomyidae and Mytilidae) were first discovered at
hydrothermal vents at the Galapagos Rift (Corliss et al.
1979) and the East Pacific Rise (Rise Project Group 19S0).

These animal assemblages were shown to be dependent
upon chemolithotrophic processes mediated by internal
symbionts (Cavanaugh et al. 1981, Felbeck 1981). Subse-
quent exploration increased the known geographic range of
similar communities and documented their occurrence at
cold seeps as well as hydrothermal vents (Paull et al. 1984,
Kennicutt et al. 1985. Suess et al. 1985, Laubier et al. 1986).
Primary food sources for the symbionts of both tube worms
from hydrothermal vents and those from hydrocarbon seeps
(Lamellibrachidae and Escarpidae) arc reduced sulfur com-
pounds (Felbeck 1981, Brooks et al. 1987 b). An un-
described seep mussel harbors methanotrophic bacteria in
its glls and oxidizes dissolved methane (Childress ¢t al.
1986).

Ecologica descriptions of vent and seep communities
have been based primarily upon interpretations of still and
video photographs. which have provided information con-
cerning spatial distribution and temporal variation of abun-
dance (Hecker 1985, Hessler et al. 1985, Tunnicliffe et al.
1985. Fustec €t al. 1987, Juniper and Sibuet 987, Rosman
et al. 1987). Despite the geographic and taxonomic diversity
of the communities described, they share several significant
characteristics. Although the depth range was large (500 to
6000 m), all were found below the photic zone. All appar-
ently occurred at a gradient between reducing and oxidizing
environments, either wher e reduced compounds, particu-
larly sulfides and methane, were issuing into oxygenated
waters or where anoxia occurred in the benthic substrate.
The density of individuals and the diversity of the communi-
ties greatly exceeded those of surrounding beathic areas.
Distribution of organisms within the communities was spa-
tially heterogeneous. Frequently, the transition between the
chemosynthetic community and the surrounding enaviron-
ment was abrupt. Patterns observed im the distribution of
vent and scsp fauna have been attributed to supposed spa-
tial and temporal variations in the supply of sulfides and
methane. However. investigations of the distribution of
these compounds within the communities have been limited
(Johnson et a. 1986).



Thermogenic hydrocarbons are widespread in surface
sediments onthe upper continental slope of the Gulf of
Mexico (Anderson et al. 1983. Brooks et al. 1984- 1987a.
Kennicutt et al. 19873, b, 1988). Studies of the biota associ -
ated with several of these hydrocarbon seeps indicate that
the seeps can support communities with substantially
greater biomass and diversity than is typical of the slope
benthos (Kennicutt et al. 1985, Brooks et al. 1987a. Ros-
man et al. 1987). Transport of biological production from
hydrocarbon seeps to the surrounding beathos may contrib-
ute significantly to the ecology of the continental slope.
However, documentation and quantification of such a con-
tribution will be difficult; the true extent of hydrocarbon
seepage is not known, the mechanisms for transfer are un-
clear, and the spatial patterns characteristic of seep commu-
nities are not well characterized.

Distribution and abundance of an assemblage of organ-
isms dependent on seeping hydrocarbons should reflect the
pattern of seepage and the quantity of hydrocarbons pres-
ent. A useful spatial description of such a community should
give its areal extent, the distributions and relative abun-
dances of the dominant organisms, and the environmental
variables that correlate with these distributions (Fustec et al.
1987, Juniper and Sibuet 1987). The present study describes
the chemosynthetic community at a siteof natural hydrocar -
bon seepage on the Louisiana Slope (Brooks et al. 1984,
1986, 1987 a). The analyses of sediments and water associat-
ed with the distribution of the dominant megafauna within
the community are quantified; variations in faunal abun-
dance are compared to local concentrations in hydrocar-
bons and to geological features.

Materials and methods
Site description and field methods

The site, known as Bush Hill, lies over a salt diapir that rises
about 40 m above the surrounding Sea floor 10 a minimum
water depth of 540 m. The feature is located 210 km south
southwest of Grand |sle, Louisiana, at 27°47'N; 91°30.4'W.
It liesin the Green Canyon offshore leasing area between
Blinks 184 and 185, approximately 2000 m from the drill
template of what is currently the world's deepest cil-
production platform (Anonymous 1987). The sediment in
this area consists of silty-day and is of considerable thick-
ness ( > 1000 m). However, much of the sedimentary strati-
fication of Bush Hill itself (Fig. 1) has been eliminated by
rising gas and liquid and by in situ formation of authigenic
carbonate and sulfides, thereby creating a seismic wipe-out
zone (Brooks et al. 1986. Behrens 1988).

Bush Hill and its immediate surroundings were explored
during four dives of aresearch submersible in September
1986. A series of sub-bottom profiles of the study area were
obtained with a 3.5 kHz precision depth recorder. The sub-
mersible carried a series of sediment punch-cores. each con-
structed of 25 mm (id. ) PVC pipe and fitted with a handle
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for operationby the submersible’s mechanica arm. A length
of flexible tubing for collection of water sumples was run
from the end Of the arm to an intake port in the aft dive-
compartment.

Color images were recorded by a high-resolution video
camera (M OS Model 3000) mounted on a pan-and-tilt unit
and a 35 mm still camera {Benthos Model 372) mounted
vertically. Both cameras were equipped with ranging de-
vices. The video camera carried a pair of lasers. mounted in
parallel with 10 cm separation. Their beams appeared as red
dots in the video record; the distance between the dots pro-
vided a 10 cm scale for measuring photographed subjects
and the field of view. On the 35 mm camera, a short-range
altimeter recorded the distance from the bottom in each
exposure. This distance, together with the acceptance angle
of the lens, was used to calculate the area of the bottom and
the size of the subjects in each photograph (Rosman et a.
1987).

Dives consisted of a series of short(100 to 200 m) tran-
sects, during which the pilot of the submersible attempted to
maintain constant speed, atitude and heading. Start and
end times were recorded for each transect. The submersible's
range and bearing from the support ship were monitored
with a NorthStar Doppler sonar. The submersible’s absolute
position at the start and end points of each transect was
freed by maneuvering the ship to a position directly over the
submersible (zenith 5 m) and recording the ship’s position
with LORAN C.

The forward sphere of the submersible provided the pilot
and scientist with an unobstructed 180° view of the bottom
in the submer sible’ s path. During each transect, the video
camera was allowed to run continuoudly while the scientist
recor ded a narrative describing the objectsin view, the time
of observations and the submersible’ s bearing. The zoom on
the video camera was kept &t maximum wide angle while on
transect. The camera was panned to aim the lasers at faunal
clusters that the submersible passed. Contemporaneous
notes and subsequent measurement of the video images indi-
cated that the video camera was consistently able to scan a
6 m swath along the bottom. Small organisms (<5 cm)
could be distinguished when they appeared in the center of
the field of view where the lighting was best.

Collections of organisms, sediment cores and water sam-
ples were made while the submersible was stationary be-
tween transects. Organisms were collected with the scoop
and claw devices of the mechanical arm and were placed in
numbered buckets on the front basket. Cores of the upper 30
to 40 em of surface sediments were collected with the punch
cores and placed in numbered, water-tight quivers. Water
samples were collected at distances that ranged from 0.1 to
3 m above the bottom. The intake tube was flushed with
ambient water prior to the collection of each sample to
prevent cro.s.contamination of samples. Each water sample
consisted of a 50 ml syringe and a capped 300 ml bottle.
Seawater samples were fixed when collected with zinc ace-
tate and sodium azide for measurement of total sulfides
(Cline 1969. Goldhaber et a. 1977) and low molecular
weight h ydrocarbons (Brooks et al. 1981). respectively.
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Fig. 1. Precision depth-recorder, PDR (3.5 kHz) trace of Bush Hill diapir. inset shows location of study site in Gulf of Mexico. Arrows E
and W mark eastern and western extent, respectively, of study site. Placement of PDR trace in study site is shown in Fig. 2 B
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Rigorous sample controlwas maintained to ensure thatthe
location of each sample site was accurately recorded.

Observations of the Bush Hill community were concen-
trated a the top of the carbonate cap. with dives originating
at points on its periphery and proceeding inward (Fig. 2A).
Usable video records were collected on 20 transects, which
together surveyed 2716.2 linear meters and collected
112.7 min of data. The envelope surrounding the outermost
ends of the video transects enclosed 20 ha of the bottom
(Fig. 2A), and the swath of the transects covered approxi-
mately 7% of this area. sediment cores and/or water sam-
ples were collected at 16 sites dong the transects (Fig. 2 B);
cores were taken at 13 of these sites, water samples at 12.
Video data were not recorded on the transect extending
beyond the envelope to the cast on Dive 1877 (Fig. 2A);
however, the observersreported no sightings of tube worms
or mussels on this transect. Video records made while tran-
siting to Sample Site 11 (Fig. 2 B) were unusable. A single,
isolated duster of tube worms was observed at this site. A
sediment core was taken adjacent to the cluster and a collec-
tion of the organisms was made.

Chemica analysis

Hydrocarbons wer e r ecover edfrom sediments by extraction
with CH,Cl,. Sediment samples were lyophilized and then
extracted with CH,Cl; for 12 hin a Soxhlet apparatus. AU
glassware was cleaped with solvents and combusted at
450°C for 4 h before use. The collected extracts were con.
centrated by roto-evaporation and anayzed by capillary
gas-chromatography with flame ionization detection (GC-
FID). Extract components were separated on a fused-silica
capillary~column with splitless injection (film thickness
0.2 pm; i.d. =0.31 mm; length =25 m). GC-FID conditions
for analyses were an initia temperature of 60°C with no
hold time and a programmed increase of 12 C° mitt? to
300°C (9 min hold time). The injection port and detector
were held at 300 ‘c. Chromatography was performed with
either a Hewlett Packard Model 5880 or 5790 gas chroma-
tograph. The chemica anaytical methods have been de-
scribed in greater detail elsewhere (Brooks et al. 1986, Ken-
picutt et al. 1988).

samples to be analyzed for stable carbon-isotope com-
position (§**C) were processed by standard methods With
both Craig-type and closed-vessd combustion techniques
(Sackett et a. 1970, Schoell et a. 1983). Carbon dioxide was
analyzed on a Finnigan MAT-251 isotope-ratio mass spec-
trometer. The carbon isotope composition is reported in the
usual é-notation (vs Pee Dee Belemnite standard). Low mo-
lecular weight hydrocarbons (Cl -C4) were analyzed by the
method of Brooks et al. (1981).

Video analysis

The video records of the transects were replayed on a
recorder equipped with freeze-frame and single-frame-
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advance controls. Subjects sighted in the v ideo record in -

cluded the larger mobilc epifauna (fish and crabs). clusters

of sessile epifauna (seep mussels. Vestimentifera and Gorgo-

nacea) and prominent benthic features (carbonate boulders

and gas seeps). Each subject observed in the video record

was identilied 10 lowest practical taxon: and the time of

observation. relative to the start or end of the transect, was

recorded. The resolution of the video images was sufficient

to distinguish objects of 2 to 3 cm size: however, identi-

fication of smaller objects was based on 35 mm photographs

or on close-up video images obtained when the submersible
was stationary. Video records obscured by disturbed sedi-
ments weredeleted from the data. The diameters of clusters
of seep fauna were measured directly on the monitor screen

with the scale provided by the laser ranging device. If the
diameter of a cluster exceeded the size of the field of view
(usually less than 3 m), ita diameter was estimated from the
distance that it remained in view while it was traversed by
the submersible. These latter estimates were confirmed by
viewing the sequencesone frame at a time and estimating the
scale from the laser dots.

With the assumption that the submersible maintained
constant speed and bearing during transects, the observa-
tion times could be used to determine the relative position of
avideo subject between navigation frees. By comparing the
tiile that elapsed between the beginning of atransect and an
observation with the total time between the start and end of
the transect, its relative position along the transect was esti-
mated. All samples and observations, including the location
of asubsurface fault evident in the sub-bottom profiles, were
mapped onto a 1 km square (Fig. 2) with southeast corner
coordinates 27°46.67'N; 91 °30.6'W, and northwest comer
coordinates 27°47.21'N; 91°30.01 "W. The points of the navi-
gation fixes at the ends of transects were converted to Carte-
sian coordinates within this square. The distance between
any two points within the square was determined with ele-
mentary trigonometry. All organism, sediment and water
samples and all video observations were then indexed by
their respective coordinates.

Statistical methods

The individual sites where sediment or water samples were
collected wer e ranked according 10 the abundance of both
tube worms and mussels in the immediate vicinity of the
sites. The vicinity of each site was arbitrarily divided into a
series of concentric rings of equal width (i.e.. a sequence of
radial distances from the site such as 0.0 t0 1.5m, 1.5 to
3.0 m, etc.). Abundance was estimated from the measured
diameters of the clusters of tube worms or mussels recorded
on the video transects that led up to, away from, or iangen-
tially past the sites (Fig. 2). Because all observations of
faunal clusters were spatially indexed within the study area,
the distance between clusters and sampling sites could be
readily determined. A computer program Was written to
determine whether a given faunal cluster recorded in the
video data occurred near a sampling site; if o, its diameter
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was added to the proper ning surrounding the site. Whenthe
programhad examined all clusters. the resulting data file
provided a basis for ranking any set of areas equally distant
from the sampling sites.

Sampling Sites werealso ranked according to theconcen-
trations of the chemical parameters measured inthe sedi-
ment or water samples. Correlations between site rankings
produced by chemical concentrations and those obtained by
comparing faunal abundances wer e examined by the non-
parametric two-tailed Spearman’s rho test (Conover 1980).
The confidence level for the tests of hypotheses was set at
2= 0.05. Repeated searches for significant cross-correlation
were carried out in this manner for all the chemical parame-
tersand for different sequences of ring widths.

The distribution of tube worm clusters and mussel beds
was examined by plotting their location within a map of the
study area. Given a range in size among these clusters, how-
ever, apoint distribution does not accurately represent the
evident spatial distribution of abundance. With the assump-
tion that ali clusters were circular, their measured diameters
were used to calculate the areal cover of tube worm clusters
and mussel beds observed within the community. A regular
surface of relative areal cover was then fitted to these data
{Sammarco and Andrews 1988). The grid size for the surface
was 10 m, and within each square the areal cover of faunal
clusters in each square was the distance-weighted, moving
average of al observations (Ripley 1981). The averaging
function had the following form:

Zw {d/h) z/Tw (d/h);

where, for each grid square, the intensity 2;is the weighted
average of the i=1{, 2, ..., n estimates of areal coverage; and
d; is the distance from the location of the observation to the
center of the grid square-A uniform band-width 4, of 60 m
was applied to estimates of areal cover of tube worm
clusters: a band width of 10 m was applied to estimates of
the more sparsely distributed musset beds. Selection of band-
widths was subjective. Those selected produced smooth sur-
faces without obscuring the vaniability of the data. A short-
tailed weighting function, w, treated the distance, x, of the
observation from the grid square:

w(x) =0.9375(1—-x%)2

for-1<x<i.

Results
Community description

The sediments of the biologically depauperate periphery of
Bush Hill were pale ochre in color, with an easily-disturbed
flocculent layer. Although the bottom in this region showed
extensive ichno-traces, including burrows, shallow depres-
sions and mounds, very few organisms were seen or photo-
graphed. Generaly. the color of the sediment changed to a
slate-grey toward the top of the carbonate cap, and the
lebesspuren became less frequent. Carbonate outcropping
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rangad in form from rubble 10 prominent boulders. Along
the western side of the carbonate ¢ap, the carbonate out-
cropping formed an escarpment about 15 m at its steepest
margin. The larger boulders were topped by gorgonians,
which frequently supported large ophiuroids. Large colonies
of the scleractinian oral Lophelia s». were attached to the
exposed portions of the boulders. White, filigreed patches of
bacteria occurred on the sediments (Fig. 3 A). Toward the
center of the community, the bacteria patches increased in
area and were interspersed with the slender (3.5 mm) black
tubes of a pogonophoran, Galathealinum n. sp., family Poly -
branchiidae (E. Southward personal communication). The
most prominent features of the community were bush-like
clusters of tube worms, which occurred both among the
carbonate outcroppings and on soft sediments away from
surface rubble.

Two species of vestimentiferan tube worms were identi-
fied as Lamellibrachia sp., family Lamillibrachidae, and
Escarpia-like species, family Escarpidae (M. L. Jones per-
sonal communication). The escarpiid, distinguished in the
35 mm photographs by its distinctive flaring of the tube
opening (Fig. 3 B), was the |eas common of the two and
generally formed sparse clusters Of recumbent individuals.
The Lameiliprachia sp. formed bush-like clusters, in num-
bers ranging from a few tensto many thousands of individu-
als. Although Lamellibrachia sp. was clearly dominant,
mixed clusters of Lamellibrachia sp. and the escarpiid did
occur.
Numerous dusters of tube worms were observed in the
video records(Table 1). Morphology, both of the individual
tubes and of the dusters of tubes, changed as the number of
tube worms in aduster increased. Low tangles, 30 t0 40 cm
in diameter, consisted of individuals with twisted and spiral-
shaped tubes (Fig. 3 D). Larger clusters, up to 1 m in diame-
ter, had a collapsed, basket-like enter and consisted of
longer, |ess convoluted individuals (1%.3 C). The largest
clusters were dome-shaped, 2 m or greater in diameter and
1.5 min height; they consisted of long, relatively straight
individuals (Fig. 3A). Obturacular plumes vere clearly visi-
ble on the individuals that formed the outer surface of the

Table L Clusters of chemosynthetic fauna enumerated and mea-
sured in riders records. Clusters Of Lamellibrachia sp. (Vestimenti-
fera) that contained the epifaunal bivalve Acesta buflisi are included

in tout for Lamellibrachia sp. Clusters of seep mussels (Mytilidae)
were discrete beds of living individuals. Diameters of seven tube
worm dustera and three mussel beds were estimated from transect
length. All other dusters were measured directly with laser ranging
device mounted an video camera

Taxom forming duster No. of Mao Standard
dusters  measured deviation
observed diam (cm)

Total Lamellibrachia sp. 174 10L3 91.08

Lamellibrachia sp. with 11 114.6 39.78
attached Acesta bullisi

Seep Mussels 17 209.1 133.40
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Fig. 3. Phonographs taken with vertically-mounted 35 mm camera. (A) Bush-like clusters of Lameiibrachia sp. (1), carbonate boulder (c)
and bacterial mat (b). (B) Small tangle of Lamellibrachia sp. with attached .-l cesta builisi (). obturacular plume of Lamelflibrachia sp. (0)
and an cscarpiid vestimentiferan (c). C: Basket-like cluster of Lamellibrachia sp. with seep mussels in center, epifaunal sponge (s).
D: Transition between bed of seep mussels and sparse clusters of Lamellibrachia sp.; note dead mussels shells
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clusters. The largest formution observed was a continuous
cluster, over which the submersible transited for « distance
of 9.3m.

Attempts to collectboth species demonstrated that their
robes were often buried below the soft sediments for a
greater length thanthey protruded. One individual. which
protruded approximately 50 cm. measured 168 cm when ful-
ly extracted. On this basis, the largest individuals may have
been 250 cm or more in length. The opisthosomes (cf. Jones
1985) always broke away from the posterior ends of the
tubes and were never collected.

An undescribed mussel (Mytilidae), which issimilar to
members of the genus Bathymodiolus (R. D. Turner person-
a communication). formed discrete beds both on soft sedi-
ments and among carbonate outcropping; maximum di-
mensions of the beds were measured with the laser ranging
deviee (Table 1). Tube wormsand mussels occurred together
(Fig. 3 C); however. the larger mussel beds contained only
stunted tube worms, if any {Fig. 3 D). The beds were irregu-
lar in shape, often in close proximity to each other. and
ranged in area from less than § m? to approximately 20 m?2.
Within the densest portions of the beds, mussels ranging in
length from < 20 to at least 90 mm were packed on end with
umbos pointed downward. Elsewhere, they lay on their sides
or in a horizontal position with hinges in an upward posi-
tion. Where it could be observed, the periostracum on the
umbos was often deeply pitted, revealing shell nacre. Severa
defunct mussel beds. consisting of disarticulated and broken

. shells, were also observed. Living mussels were sometimes

surrounded by a scatter of dead shells, both articulated
and disarticulated and in various states of preservation
(Fig. 3D).

Streams of bubbles, primarily methane, were observed
escaping from the substrate, both within the mussel beds
and in their immediate vicinity. Some of these bubble
streams were intermittent releases; others continued
throughout the period of observation. When the bow of the
submersible gently nosed the bottom Near one such bubble
stream, the disturbance released several large oil globules.
Such releases of oil were subsequently observed in several
locations, usually as a result of some disturbance of the
bottom. A dense orange-colored mat of bacteria often
covered the oily sediments.

A diverse assemblage of common slope fauna was
recorded in the still photographs and the video tapes. Bathy-
pelagic organisms included tunieates, squid and trichiurid
fishes. The fish Hoplostethus sp. was frequently seen hover-
ing over the tube worm clusters. Other fishes (including
Chaunax pictus, Urophycis cirratus and Peristedion greyae)
were frequently observed swimming near or resting on the
bottom. Crustaceans included decapod crabs {(Gervon .,
Bathyplax tvphla and Rochinia crassa), shu.: . : and the giant
isopod Bathynomus giganteus.

Epifaunal organisms were observed on the tube worms
and mussels. The bivalve Acesta bullisi (R. D. Turner per-
sonal communication. Boland 1986) was commonly at-
tached to the ends of the tubes Of Lameltibrachia so. Exami-
nation of photographs and collected specimens showed that
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the tubes were inserted through a concave process inthe
postenior margin Of the shells of A. buffisi. and thutthe
obturaculur plumes of the Lamellibrachia sp. were extended
wit hin the mantle cavity of the bivalves (Fig. 3 B). Several
photographs showed a galetheid crab. Munidopsis n. sp. (L.
Pequegnat personal communication). clinging to the ends of
the wubes of the escarpiid. Other tubes of both species were
encrusted with hydroids and sponges. Epifauna on the
mussels included nerite gastropod (E. N. Powell personal
communication). an undescribed caridian shrimp, Afvino-
carisn. sp. (A. Williams personal communication), and the
crab Benthoschascon schminti. The hag fish Epratretus sp.
was observed atrest in several mussel beds.

Sediment samples

The results of the sediment analyses are summarized in Ta-
ble 3. The extractable organic matter (EOM) content, main-
ly ail. of the sediments ranged from 0.24 to 119.26%,. Gas
chromatograms for sediment extracts indicated that the oil
had been subjected to intense bio-degradation, and that the
degree of degradation was highly variable. The organic car-
bon and carbonate carbon content of the sediment samples
ranged from 1.8 to 8.4% and from 6.3 to 58.3%, respective-
ly. The stable carbon isotopic composition of the organic
matter ranged from -22.7 to - 27.0%,. Vaues for carbonate
carbon. mainly authigenic carbonate, were considerably
more variable and ranged from +0.6 to-12.9/=. Grain-size
analysis showed that the sediment composition varied be-
tween sample sizes. In general, the decreasing order of abun-
dance of grain size in the sediment samples was clay, silt and
sand. respectively.

Water samples

The salinity values for the water samples ranged from 34.0
10 39.5%0 (Table 3). Anomalously high values were obtained
at Sampling Sites 7 (0.5 m) and 16. Hydrogen sulfide con-
centrations ranged from 3 to 11 uM and were generaly
below the limit of quantification (3 uA). Gaseous hydrocar-
bons were predominantly methane, which ranged in concen-
tration from 0.037 to 66.474 uM. Highest concentrations of
methane were obtained near the bubbling mussel beds; con-
centration gradients above the bottom were observed at
Sampling Sites 7.9 and 12 (Table 3).

Carbon isotopic composition of seep organisms

The carbon isotopic compositions were obtained for Lamei-
librachia 9., the escarpiid, selected epifauna of Lamellibra-
chia sp. and the seep mussel (Table 4). The é* *C values for
Lamellibrachia sp. ranged from -21.1 to - 24.3%,,. Specimens
of Acesmbu//isihadd’ 3C values very similar to those of the
Lamellibrachia sp., with which they were collected Vaues
for the escarpiid ranged from -25.8 to —27.4%,. Tube-worm
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isotope compositions were heavier than those obtained from
identical taxa at other Louisiana seep sites (Brooks et al.
1987 a). Tubes of the Lamellibrachia Sp. had carbon-isotope
ratios generadly lighter than observed for vascular tissue.
Tube sections taken along the length of two large specimens
of Lamellibrachia sp. gave &' ‘C valuesthat ranged from
~27.210 - 30.3%, and from -26.2 to ~28.9%,. respectively.
with a weak trend toward lighter values at the anterior end

Table 2. Concentrations of chemical parameters and their carbon-
isotope impositions measured in sediment samples. When multiple
COres Were collected at Same site, values shown are median values
observed. Carbon-isotoperatios are given instandard §* ‘ C nota-
tion vs Pee DeeBelemnite standard. SeeFig. 2 B for sampleloca-
tions within study area

Site Oive Organic carbon Inorganic carbon

No. No.

Totd  4'C  Extractable CO, &*C

organic organic (%) (%)

carbon materia

(%) V)]
1 1876 3.3 -25.0 119.26 19.7 - 9.6
2 18797 7.7 -249 4461 124 - 6.9
3 1877 2.2 -23.S 0.24 12.0 - 27
4 1876 1.9 -24.3  S1.74 9.9 - 12.9
5 1877 8.4 -27.0 3328 58.3 - 81
6 1876 2.8 -22.7 637S 10s -12.8
7 1876 7.1 -26.0 6422 16.0 - 6.8
8 1876 4.2 -2s.0 1.36 7.2 - 0.6
10 1879 6.8 -24.6  55.7s 7.1 -11.2
11 1877 6.3 -25.4 1110 155 - 84
13 1876 1.8 -2s.1 S.52 6.3 - 0.9
14 1876 2.1 -24.3 4011 139 -12.9
15 1876 2.8 -25.0 442 8.9 + 0.6
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of the tubes. The lightest '3C value measured (- 32.8°)
was that Of anepifaunal sponge.

Fine-scale distribution of seep organisms

Significant positive correlation {p <0.05) was observed be-
tween the concentration of methane in the wate column
directly above the bottom and the area of the bottom that
was covered with beds of living mussels (Fig. 4A). Signifi-
cant positive correlation (p < 0.05) was also observed be-
twan the concentration of EOM in the sediment and the
area covered by tube-worm clusters (Fig. 4 B). Significant
correlations with methane and EOM were only observed at
small distances (<7.5 m) from the sampling sites. The op-
posite was observed with total organic carbon. Large mussel
beds were seen at distances 7.S to 15 m from the three sites
where the highest values for total organic carbon were mea-
sured (p <0.01). Correlation between Methane and tube
worms and between EOM and mussels was not significant
(p >0.05). No significant correlation Was observed between
percentage of carbonate carbon in sediment cores and the
abundance of either tube worms or mussels. The measure-
ment of cluster diameters was done with the laser ranging
device in al the tube worm clusters and all but two of the
mussel beds that were observed hear the sampling sites.
Concentrations of methane at the 12 water-sampling
sites were paired with the area of the bottom covered by tube
worm clusters or mussel bedsin each of a series of concentric
rings surrounding the sampling sites (Fig. 4A). Correlaion
was significant only with mussel beds and only when the
values from water samples taken at the lowest distance

Table 3. Concentrations of chemical parameters measured in seawater samples. Site No. refers to sample locations Shown in Fig. 2 B, height
above bottom is given in parentheses: (bubbles): sampl e collected in bubble stream; (bottom): sample collested <20 em from bottom.
nd: not detectable( < 3 uM); as: not sampled. Multiple samples at single sampling siteawere collected at different distances from bottom

Site Dive Salinity sulfide Methane  Ethane Propane i-Butane n-Butane
No. No. (%) (uM) (uM) (M) (pM) (PM) (uM)
1 (bottom) 1876 36.0 s 0.098 0.006 0.000 0.000 0.000
2 (bottom) 1877 34.4 nd 0.716 0.029 0.002 0.000 0.000
4 (bottom) 1876 3S.2 nd 0.094 0.004 0.000 0.000 0.000
S (bubbles) 1877 35.0 nd 66.474 0.712 0.890 0.169 0.336
6 (bubbles) 1876 35.6 7 31.885 0.845 0203 0.036 0.039
7 (bottom) 1878 35.1 nd 0.434 0.034 0.006 0.000 0.003
7(0.Sm 1878 395 nd 0.290 0.020 0.003 0.000 0.000
7(1m) 1878 36.4 nd 0.200 0.015 0.003 0.000 0.000
7(3m) 1878 35.6 nd 0.037 0.000 0.000 0.000 0.000
8 (bottom) 1876 3s3 nd 0.368 0.011 0.003 0.000 0.000
9 (bottom) 1879 34.6 1 5.211 0.406 0.084 0.018 0.0t1
9(2m) 1879 31 nd t .526 0.108 0.025 0.004 0.003
11 (bottom 1877 34.0 nd 0.123 0.008 0.002 0.000 0.000
| 2 (bottom 1879 34.9 nd 1.391 0.027 0.005 0.000 0.000
12 (2m) 1879 349 nd 0.307 0.010 0.003 0.000 0.000
1S (bottom) 1876 35.2 nd 0.172 0.010 0.002 0.000 0.000
16 (botiom) 1878 37.7 3 0.086 0.003 0.007 0.004 0.000
16 (0.5 m) 1878 3b.7 nd 0.070 0.000 0.000 0.000 0.000
16 (1 m) 1878 35.8 nd 0.070 0.000 0.000 0.000 0.000
16 (3m) 1878 35.4 nd 0.070 0.000 0.000 0.000 0.000
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above the bottom were used: the test statistic becume non-
significant when values for sainples obtained at higher dis-
tances above the bottom were substituted (Table 3). Resuits
of iterative upplications of the test statistic converged when
aring width of 7.5 m was used. That is. correlation between
methane and mussels was significant at radial distances of O
to 7.5 m from the sampling sites and was non-significant at
greater distances regardless of how these intervuls were sub-
divided. The correlation between methane and tube worms
was never significant.

Table 4. Stable carbon-isotope composition of chemosynthetic or-
ganisms and associated epifauna collected at Bush Hill. Carbon-
isotope ratios given in standardé* ‘ C notation vs Pee Dee Belemnite
standard. Lamellibrachia SP. specimens Were collected 0N Dive 1877
at Sampling Site t 1 (see Fig. 2 B). Carbon-isotope ratios for paired
samples Of Lameilibrachia sp. and its epifauna are given together.
One-em sections of wubes from two large Lamellibrachia sp. were
taken along lengths of the tubes and analyzed separately. Standard
deviations of mean values given in parentheses

Taxon Sample type 813C Tissue type
%)

Lamellibrachia sp. paired sample 1 -21.1 vascular tissue
Acesta bullisi paired samplel -21.1 vascular tissue
Lomellibrachia sp. paired sample 2 -23.4 vascular tissue
A. bullisi paired sample2 -222 vascular tissue
Lomellibrachia sp. paired sample 3 -24.3 vascular tissue
A. bullisi paired sSample 3 -23.1 vascular tissue.
sponge (unident.) paired sample 3 -32.8 whok animal

Lamellibrachia sp. mean of 10 - 281 (1.02) tube section
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Similar pairing of the concentrations of EOM m cores
from the 13 sediment sumpling sites with the abundance of
tube worms OF Mussels wus performed ( Fig. 4 B), Atsites
where multiple cores were taken or where cores were sub-
divided, the minimum, maximum. mean and median values
were Used in turn to examine correlation. Although the test
statistics varied slightly, depending on which values were
used. the overall significance was unaffected; test statistics
for median values are plotted in Fig. 4 B. Iterative compari-
on of the correlation between EOM and tube worms at
different radial intervals produced the following resulis: the
interval O to 4.5 m was non-significant; the interval 4.5 to
7.5 m was significant; the pooled observations in the interval
O to 7.5 m were significant. and all intervals greater than
7.5 m were non-significant. The correlation between EOM
and mussels was never significant.

Coarse-scale distribution of seep organisms

The locations of bush-like clusters of tube worms (Fig. 5A)
and individual mussel beds (Fig. 5 B) observed in the video
record were plotted on the map of the sampling area. In all,
the diameters of seven tube worm clusters and three mussel
beds were estimated from transect length. All other cluster
diameters were measured with the laser ranging device. The
distribution of troth types of features was distinctly non-
uniform. Mussel beds were sighted only in the center of the
surveyed area and in its northeastern comer. Tube-worm
clusters were much more widespread. The data showed two

sections nodes of higher abundance one in the center and onein the

Lamellibrachia sp. mean of 9 -27.5(0.97) tube section north-eastern comer. These nodes wer e separated by areas
L sections , in which the bottom often had a mottled appearance and
Lamellibrachia sp. :‘:Phﬁ':‘ -23.9 vascular USSU€ 55 encrusted with white bacterial mats. Solitary tube-worm
] . PO i clusters were seen in places; these tended to be smaller than
Lamellibrachia p. Tr?c??n%fualzg -23.9 (13s3) m‘i" USSU¢  those in the ar€as of higher abundance and were often oc-
o e cupied by the epifaunal Acesta bullisi described above The
Escarpia-like gwe«(a;te}rcl) r?; 4 -27.3 (0.69) tube section distribution of fishes and other mobile epifauna was more
Escarpia-like trophosome 274 vascular tissye  Dearly uniform than that of the tube worms and mussels.
composite Smooth surfaces describing the area occupied by tube-

. . A - wor m clusters (Fig. 6A) and mussel beds (Fig. 6 B) within
Nerite gastropod single individual - 29.4 B the surveyed ar(eagverefgtted to the mimat; cg‘ am!) cover-
Methane ( water samples) Extractable organic material (sediments) Firgel.a?ibﬁpt;tmsvgl]l?e?:fdwpl

08 0.8 - chemical

A Mussels B 8 Mussels parameters and areal rover of tube

i £l Tube worms receea Tube worms | Worms ( Lamellibrachia sp. and es-

— «=0.05 / - = 0.05 carpiids) or aaep muss.ek. Test sta-

2 o 06 %/ sistics were cOMputed for two radial
= intervals from sampling sites: O to
=2 75mand7.5t0 15m Vaues
c 04 0.4 greater than the z-level indicate
g 7 significant positive correlation
£ / . (7<005). (A) Concentration of
$ o2 7 5= methane in water samples; 12
v / / gz / paired samples for each radial In-
Sy terval. (B) Concentration Of extrac-

00 % % S % table organic material (EOM)in

0107.5 m 751015 m
Radial distance from sampling sites

0to7.5m
Radial distance from sampling sites

A RTRLY sediment samples: 1 3 paired sam-

plesfor each radial interval
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Fig. 5. Distribution of clusters of chemosynthetic organisms at Bush Hill. Maps are 1km?, with grid points at 100 m intervals.
(A) Tube-worm clusters (Lamellibrachia sp- and escarpiids). (B) Seep-mussel beds. Striped line shows |ocation of major fault, stippled tine
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Fig. 6. Estimated relative abundance of chemosynthetic Organisms within area of video sampling at Bush Hill. Projection waa rotated
counter-clockwise and tilted toward viewer; arrows show relative direction of north. Raised edges show outer extent of video coverage tsee
Figs. 2A and 5). (A) Relative abundance of tube worms (Lameflibrackia ep. and escarpiids). (B) Relative abundance of seep mussels

age calculated from the video observations by use of the
G3D procedure of SAS/Graph® (SASInstitute Inc. 1985).
The greatest relative abundance of tube worms was seen in
the central portion of the surveyed area, which was also at
the greatest elevation of the carbonate cap. The second node
of abundance. which contained a comparable number of

individual clusters, was characterized by alesser abundance
of tube worms. Tube-worm abundance decreased abruptly
from the central node toward the western portion of the
surveyed region, and decreased more gradually eastward
and southward from the top of the carbonate cap. Abun-
dance also declined toward the north; however. an outliyving
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agaregationof lube-worm clusters occurred in the northeast
corner of the surveyed area. Arcal coverage Of mussel beds
was concentraied in the central regionof the surveyed area
tou greater degree than that of tube-worm clusters. Com-
parison of the surfaces of relative abundance (Fig. 6)
showed that the peak abundance of nussel's was of fset to the
northeast by a distance of S5m from the peak abundance of
tube worms. Within the surveyed area, mussels were more
restricted in distribution and comparatively less abundant
than tube worms. Both organisms were most abundant in
proximity to the subsurface fault; neither was observed to
the west of the fault. Secondary nodes of abundance for
both organisms were located on the secondary pesk of the
carbonate cap, which is at the eastern edge of the wiped-out
area (Fig. 1).

Discussion

Density of chemosynthetic organisms, often based on quali-
tative estimates of the numbers of organisms per unit area
has been used as a descriptive characteristic of vent and seep
communities. We restrict our estimates to measurement of
the widths of discrete clumps or clusters of seep organisms.
which arc recorded as scalar quantities along the video tran-
sects. Anempts to count individuals within clusters arc re-
jected as inaccurate because of the pervasive layering and
clustering of animals in our photographs and video records.
Estimates of relative abundance are then obtained by as-
suming that the clusters are circular in shape and comparing
the estimated area occupied by clusters at different locations
within the community.

These methods are subject to certain sampling errors.
For example, thelimit of precision for the navigation fixes
is the length of the submersible (7.5 m). Water samples could
be collected directly over the faunai clusters, while sediment
cores had 1o be taken next to the clusters. This suggests that
examining spatial distributions at a scale of less than the
submersible’s length is unrealistic with these data. A second
source of possible error is the occurrence of non-circular
clusters. Examination of 35 mm photographa shows that
tube-worm clusters consistently have a circular outline.
However, mussel beds are often irregular in shape; so a
circular area is an approximation of their true areas. The
inherent] y indistinct edges of tube-worm clusters and mussel
beds resulted in i npreci se estimates of diameters. Despite
these drawbacks. the methods were consistently applied.
The measurements provide a reliable means for ranking
sampling sites by abundance of organisms and for examin-
ing the distribution of abundance of seep organisms within
the surveyed area. Such comparisons are also quite robust
with respect to imprecise cluster measurements or variation
in cluster shape.

The methanedependent physiology of the seep mussels
(Childress et al. 1986, Fisher et a. 1987) suggests that their
fine-sale distribution within a seep community is deter-
mined by the availability of methane. The positive correla-
tion between the abundance Of mussels and the concentra-
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tion of methane M the ncar-bottom water 15 consistent w (i
this expectation. The strength of the correlation decreused
with distance from the sumpling sites, whi ch couldindicate
that discharges of the methane that nourished individual
mussel beds are discrete rather than perfusive. This would be
consistent with the variability of methane concentrationsin
bottom-water samples. The occurrence of mussel beds is
digtinctly clustered within the surveyed area

In a similar vein. the fine-scale distribution of Lanrell;-
brachia sp. and the escarpiid should be controlled by the
sources of reduced sulfur compounds (Brooks et al. 1987 b).
The positive correlation between the concentration of EOM
(and hence sulfide) in the sediments and the abundance of
tube worms is therefore reasonable, because the seepage
may either contain sulfides or enhance anoxia through mi-
crobial depletion of oxygen during degradation. The corre-
lation is non-significant at distances greater than 7.5 m from
thesanpling sites. This suggests that the sources of EOM
that provide sulfides for individual tube-worm clusters are
discontinuous. Unlike mussel beds, tube-worm clusters are
widely scattered across the top and upper flanks of the
carbonate cap.

If oily sediments provide a sulfide source, our observa-
tions do not show how the Lamellibrachia sp. and the es-
carpiid at Bush Hill are able to make use of this source. In
the hydrothermal vent vestimentiferan Riftia pachypiila,
sulfide uptake is via the branchial tentacles of the obturacu-
lum (Arp and Childress 1981, Felbeck 1981). and sulfide
concentrations in the water around clusters of R. pachyptila
are in the order of 100 to 350 pM (Corliss et al. 1979, Arp

et al. 1985, Hessler et al. 1985). These sulfide concentrations .

are substantially higher than the levels measured at Bush
Hill. The sulfide concentrations in our water samples taken
away from the bottom were all below 3 uM. The highest
sulfide concentration (11 pM) was observed in a pear-
bottom sample, a stratum at least 100 cm beneath the tevel
of the plumes in the larger bush-formations.

For these tube worms to utilize sulfides associated with
oil-stained sediments, it is necessary to invoke either episod-
ic releases of sulfides that were undetected by our sampling,
utilization of trace levels of sulfides by these species, or
direct absorption of sulfides through those portions of the
tubes that are buried in a sulfide-rich substrate. This latter
assumption would be consistent with the observation of
Brooks et al. (1987b) of substantialy “dead” radio-carbon
in tissue of Lamellibrachia sp., suggesting that the source of
dissolved inorganic carbon is the sediments (old), not the
ambient bottom water (recent).

Constraints on the occurrence of tube worms and mus-
sels, other than the availability of nutrients, are not known
in detail. The carbonate cap is a heterogeneous environment
with a variety of substrates, current patterns and topogra-
phic slopes. The potential for predation by fish and crabs is
significant. Differential settling rates for larvae of seep or-
ganisms could also affect their distribution on the carbonate
cap. These organisms are. however, dependent on nutrients
that are only available in very restricted portions of the slope
benthos. The distribution patterns of tube worms and seep
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mussels reflect those of EOM and methane, respectively.
The contrast between the distribution of tube worms and
mussels suggeststhit these patterns €an be appraised attwo
scales of variation. In the vicinity Of chemical sanpling
poi nts (15 to 30 m scate), sources of both methane and EOM
are discrete and discontinuous. Wthin the surveyed area
(200 to 500 m scal€e). both compounds are most abundant on
the top of the carbonate cap near a mgjor subsurface faullt.
Methane sources are relatively restricted; EOM sources are
relatively dispersed.

Behrens (1988) attributes the seepage of gas and ail to
activity within faults. Sibuet et al. (1988) observed correla-
tion between aggregations of Calyptogena sp. and the loca-
tions of faults in adeep-sea subduction zone off Japan. T'he
coarse-scale distribution of tube worms and seep mussels
might therefore be explained by the presentday pattern of
seepage through the fault. It is reasonable that liquid-phase
oil would be more widely dispersed by diffusion through
porous sediments than gaseous-phase methane would be.
However, we know of no geological study that compares the
horizontal distribution of seepage at the level of resolution
that is evident in the faunal distributions.

Methane and oil are both seeping to the surface from a
deep (2 000 to 3 000 m) reservoir (Kennicutt et al. 1988).
The oil production platform being established in the Green
Canyon 184 lease block will exploit this reservoir. Surface
hydrocarbon seepage decreases or disappears after pro-
longed oil production in terrestrial oil fields (Horvitz 1972).
Oil production from the Greets Canyon 184 reservoir may
have a similar result and have an impact on the nearby Bush
Hill chemosynthetic community.
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Abstract

Communi ties of chemosynthetic fauna that depend on seeping oil

and gas have been found in the Guif of Mexieo at approximately
45 sites between 88°W and 95°W and between the 350 and 2.200
m isobaths. Investigations suggest that the number of sites and
the range of occurrence will increase with additional exploration.
The dominant fauna consist of species within four groups: tube
worms, seep mussels, epibenthic clams, and infaunal clams. These
species co-oceur to some degree. but tend to form assemblages
dominated by a single group. Community development is closely
coupled to the geological and geochemical processes of seepage.

Introduction

The initial discovery of hydrothermal venting at the
Galapagos Rift sea floor spreading center (Lonsdale
1977) was occasioned in part by the observation of
anomalous concentrations of clams (Calyptogena sp.)
inan otherwise depauperate abyssal zone. Subse-
guent exploration of this first known chemosynthetic
habitat (Corliss and others 1979) revealed other, re-
markably dense, aggregations of species including
the tube worm Riftia pachyptila and the mussel Bath-
ymodiolus thermophilis. These Species all host bac-
terial endosymbionts that fix primary carbon via
chemical energy (Cavanaugh and others 1981, Fel-
beck 1981) from the sulfides produced by interaction
of basalt and super-heated seawater (Edmond and
others 1982). Chemical enrichment of the benthos
necessary for chemosynthesis has subsequently been

attributed to a number of “cold seep’* processes,
including continental-margin brine seepage (Paull and
others 1984). hydrocarbon seepage (Kennicutt and
others 1985), conate out-watering at subduction zones
(Suess and others 1985, Ohta and Laubier 1987),
decay of whale carcasses (Smith and others 1989),
and sediment slumping (Mayer and others 1988).
These attributions were al initially inferred, at least
in part, from the presence of chemosynthetic fauna.
Biological observations have clearly provided arich
source of fact and speculation regarding geochemical
enrichment at the sea floor.

There have been many attempts to explain the
distribution of benthic fauna of the deep sea in terms
of variations in abiotic parameters at a zonal scale,
that is, tens to hundreds of kilometers (Carney and
others 1983), or at a fine scale, that is, centimeters
to meters (Jumars and Eckman 1983). Use of deep-
water camera sleds, remotely operated vehicles
(ROV’s), and manner submersibles, as well as im-
proved methods for interpretation and analysis of
photographic data, have produced a number of re-
cent deep-water studies in which patternsin faunal
distribution were resolved at an intermediate scale,
that is, meters to hundreds of meters (Hecker 1990,
Messing and others 1990, Schneider and others 1987).
However, although both the physical structure of a
habitat and the tocal distribution of its characteristic
fauna can be accurately mapped at this scale, the
basic trophic control of communit y development and



Vol 10.No. 4, 1990

structure must be inferred empirically where primary
production is absent. Ecologists typically invoke some
combination of advective processes to explain ob-
served patterns of faunal distribution.

Chemosynthetic fauna represent a genuine excep-
tion to this situation. Where reduced inorganic com-
pounds are available at the sea floor, the bacterial
svmbionts and their metazoan hosts enjoy a relatively
unlimited food supply and form aggregations that
have much greater densities than the surrounding
benthic community (Jannasch 1984). Because the in-
organic compounds have a highly localized source at
the sea floor (for example. hydrothermal vents), such
communities are characterized by distinct clusters of
animals {Grassle 1986). Development and spatial
structure of a chemosynthetic community are there-
fore tightly coupled to specific geological processes
and structures (Hessler and others 1985).

This line of argument suggests that a map of che-
mosynthetic fauna at a Gulf of Mexico oil or gas seep
is also a map of the surface expression of seepage.
In fact, it may be easier to examine chemosynthetic
communities in deep water than to map seepage di-
rectly. Thus, a description of an oil seep community
may yield information regarding the extent and his-
tory of seepage that is unavailable by other means.
Here we describe varieties of chemosynthetic com-
munities that have been found at hydrocarbon seeps
on the continental siope of northern Gulf of Mexico
and provide SOMeE details of their local geological

settings,

Materials and M ethods

The initial discovery and early exploration of slope
hydrocarbon seep communities were conducted with
otter trawls {(Kennicutt and others 1985, Brooks and
others 1987a) and camera sleds (Rosman and others
1987). Subsequent explorations have relied on sub-
marines. The nuclear-powered submarine USS NR-
1 was deployed on the Texas and Louisiana conti-
nental slope during the course of three field seasons
(1987- 1989) for atotal of 90 days of continuous sub-
merged operation. This ship continuously records its
depth. its altitude above the bottom, and its position
relative to aninitial “mark on top” on magnetic tape.
These data are normally recorded every 10 see, though
intervals of 1 see can be used. Unique among naval
submarines, the ship has three 7.6 cm view ports in
the bOW; instrumentation comprises forward-looking
and side-looking sonar, 3.5, 7, and 25 KHz subbottom
profilers, two emulsion cameras, and an array of
monochrome video cameras. The vertically mounted
video camera was used to estimate the areal cover
of chemosynthetic fauna by scaling the recorded im-
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ages toits altitude andtheacceptance angles of its
lens. Overlapping images from this camera were
compiled to directly map large areas Of the bottom.

The submarines Johnson SEA-LINKand PISCES
11 were deployed on the Louisiana slope during four
field seasons (1986- 1989) for a total of 38 dives.
These craft generally make two 3-hour dives per day.
Their range is limited and their navigational capa-
bilities imprecise; however, their maneuverability and
wide range of sampling equipment (sediment corers,
grabs, scoops and suction hoses for collecting orga-
nisms, maneuverable water intake ports, and Nisken
bottles) have permitted collection of numerous phys-
ical samples and living specimens. Their cameras.
video and emulsion, were superior and could be ma-
neuvered to provide detailed in situ documentation
of the communities and their physical settings.

Findings and Discussion

Zonal Distribution of Chemosynthetic Fauna on the
Continental Slope

Chemosynthetic fauna have been collected or ob-
served in at least 45 locations on the northern Gulf
of Mexico slope, between 88°W and 95*W and be-
tween the 350 and 2,220 misobaths (Fig. 1). This
geographic and bathymetric range represents the lim-
its of exploration, not a zoogeographic range. The
most recent extensions of this range were S .J.
McDonald's discovery (unpublished data 1990) of
tube worms and mussels in Alaminos Canyon
(26°21.3'N and 94°29.8'W, water depth 2,222 m) and
vesicomyid shell beds with sparse clusters of tube
worms in the Viosca Knoll region south of Mobile,
Alabama (K. Graham, personal communication 1990).
These findings extend the southern and eastern geo-
graphic limits of the slope communities and more
than double their known bathymetric range. There
is every indication that further exploration will in-
crease the number of sites and may extend the range.

Broadly speaking, exploration for chemosynthetic
fauna has been conducted where seismic “wipe-out”
indicated oil or gas seepage in the near surface sed-
iments (Behrens 1988, Kennicutt and others 1988a,
b) and, although the abundance and species com-
position varied, the results were usually successful.
Stable carbon isotope ratios of animal tissues col-
lected at many of these sites distinguish heterotrophic
(8C = _ 14 to —20%0) sulfur-based @ °C = — 30
to — 42%¢) and methane-based (8'*C < — 40%o0) en-
ergy sources (Brooks and others 1987b).

There is difficulty fixing the exact number of sites,
partly because the trawl collections were inherently
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Figure 1. Continental slope south of Texas, Louisiana. and Alabama. Open circles mark the nominal locations of chemosynthetic
communities that have been found to date: occurrence of these communities is frequently patchy: therefore the precise number of
communities cannot be fixed with certainty. These findings represent the limits of present exploration. not the zoogeographic range of
chemosynthetic communities on the slope. The most recent discoveries (arrows) considerably extend the geographic and bathymetric

range of known communities.

imprecise, but primarily because no broadly accept-
able definition exists of what constitutes a discrete
community. Management concerns (Minerals Man-
agement Service 19S8) refer to “high-density” com-
munities that might be affected by oil exploration or
production. This is not totally satisfactory because,
as will be described below, aggregations of clams
occur in low densities or beneath the sediments, often
dispersed over areas of severa hectare, whereas a
“high-density” occurrence of tube worms may be
confined to a single, I-m wide cluster. Sites shown
in Figure 1 designate the following 1) mid-points of
trawl tracks on which chemosynthetic fauna were
collected (see Kennicutt and others 1988a), 2) a sub-
stantial number of high-density clusters within ara-
dius of about 500 m, or 3) a substantial number
of low-density aggregations within a radius of about
5,000 m.

Communities Dominated by Tube Worms

At least two undescribed species of tube worm, La-
mellibrachia sp. and Escarpia $p., are commonty found
at seep sites (MacDonald and others 1989). The spe-
cies, assigned to the recently erected phylum Ves-
timentifera (Jones 198.S), lack mouth, anus, and
digestive system and live in atube about 1 cm in

diameter and up to 2 m in length, which consists of
tough chitin (Gail], personal communication 1989).
The posterior end of the tube may be either buried
in soft sediments or attached to a rocky substratum;
a small, red-orange plume, the obturaculum, is ex-
tended from the anterior opening and serves as a gas
exchange organ. Most of the body volume consists
of trophosome, the organ that contains the bacterial
symbionts (Jones 1985). Lamellibrachia Sp. is gen-
erally the more abundant of these species and occurs
in clusters that range from sparse tangles of recum-
bent individuals to dense, hemispherical “bushes’
up to 2 min height and 1 to 3 m in diameter (Fig.
2). The largest tube worm communities comprise tens
of thousands of individuals that grow nearly vertically
to a height of 2 m or more in unbroken stands up to
20 min diameter.

Epifauna are common among the tube worms; ses-

sile forms include sponges, gorgonians, and a scallop-

like bivalve Acesta bullisii, which attaches to the
anterior ends of the tubes and actually encloses the
plume in its mantle cavity without apparent harm to
the worms (Boland 1987). The soft corals are note-
worthy because they are slow-growing forms; their
presence indicates a Sow growth rate for the tube
worms as well. Mobile fauna include fishes and crus-
taceans that are commonly found on the continental



slope, but are particularly abundant around the tube
worm communities.

Tube worm communities have been found on gra-
bens or half grabens at the crests of diapirs. A pri-
mary example is the “Bush f-fill” site (27°47'N,
91°30°24"W) described by MacDonald and others
(1989). More substantial communities were subse-
guently found in the northeastern comer of the Green
Canyon 234 lease block (27°44'50"N, 91°13'30"W).
The geology of this region has been described by
Behrens (1988), who perceived a network of diapir
crests that converge to the west of the site as an east-
west trending diapir ridge. Seismic wipe-outs (Beh-
rens type 11) are widespread, and substantial quan-
tities of oil are dispersed in the sediments (Behrens
1988, J.M. Brooks, unpublished data 1987). The sur-
face topography is uneven with sometimes massive
deposits of authigenic carbonate either exposed or
thinly draped with sediment. Tube worm commu-
nities appear to be restricted to terraces where the
seismic reflections (25 kHz) are wiped out within -3
m of subbottom (Fig. 3) and extensional faults ap-
proach the mud line.

Massive tube worm clusters, with their tough and
densely intertwined tubes, present a formidable ob-
stacle to collection. so the attachment substrata of
such aggregations are not known. Most of the spec-
imens collected to date have been relatively small
individuals taken from the periphery of farger clus-
ters. Generally, the posterior portions of these tube
worms were buried beneath the sediments at depths

247

Figure 2. Clustersor “bushes” of
the vesitmeantiferan tube worm La-
mellibrachia n. sp. near 27%4’ '50°N,
91°13'30"W at adepthof --550 m.
‘he state of the photograph is ap-
proximately 2 m across the bottom
edge of the frame.

of 10-20 cm and extended laterally for lengths up
to 1 m. This burial poses a perplexing problem be-
cause the Vestimentifera are thought to grow from
their attachment point (Southward 1975); if so, they
Mmust become buried after attachment. Given the
sedimentation rates on the upper slope (10 to 60 cm
per 1,000 yrs), burial at a depth of 10 cm implies a
very slow growth rate. C.R. Fisher (personal com-
muni cation 1989) has suggested that the clusters may
increase local sedimentation in a manner analogous
to formation of snow drifts around bushes; a more
accurate analogy would be the accumulation of clay
within mangrove thickets (A. H. Bouma, personal
communication 1990).

Tube worm growth and burial rates are germane
because of the uncertainty regarding the actual mech-
anism for sulfide uptake. At hydrothermal vents, sig-
nificant concentrations of sulfides occur in the anoxic
vent effluents and are absorbed by the vestimenti-
ferans from the water column viathe obturaculum
(Arp and others 1987). At hydrocarbon seeps, sul-
fides are concentrated in the sediments but are ab-
sent from the overlying water column at the level of
the obturacula of seep tube worms {MacDonald and
others 1989). A probable, but untested, mechanism
for uptake of sulfides by seep tube worms is direct
absorption through the portions of the tubes that are
on or beneath the sediments. This suggests that tube
worm communities form on patches of oily sediment
within wipe-out zones where sulfides either occur
with the oil or via the anoxia caused by microbial
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Figure 3. Observations of wipe-out depth, tube worm cover and topographic profile (water depth) along a 1,0S0 m €ast to west transect
of tube worm conmunity Site near 27°44'50'N, 91°13°30"W with NR-1. Wipe-out depth indicates the maximum depth of seismic reflectors
detected by 25 kHz subbottom profiler; wipe-out depth was measured at interval's =30 sec froma continuous record. Tube worm cover
gives the proportion of the video frame filled by tube worms (Lamellibrachia sp. ): video records were continuously recorded al ong the
entire transect with averticaly mounted camera. Water depth was recorded at 1 sec intervals along transect.

oxidation of the hydrocarbons and where the com-
bined effects of carbonate precipitation and in-
creased sedimentation cause a gradual mounding of
the substratum.

Communities Dominated by the Seep Mussel

The seep mussel (Bathymodiolus n. sp.: Mytilidae)
has been shown to possess methanotrophic sym-
bionts (Childress and others 1986), which are con.
tained within the greatly enlarged gills of the species.
Beds of seep mussels occur within tube worm dom-
inated communities, often at sites where the escape
of methane into the water column is visible as a stream
of bubbles. Mussel abundance was found to be sig-
nificantly correlated with elevated concentration of
dissolved methane (up to -60 pM) in seawater col-
lected at 12 sampling locations on Bush Hill
(MacDonald and others 1989). However, the largest
assemblages of mussels yet discovered on the slope
have occurred at sites where dissolved methane is
available as a component of hypersaline brine.

MacDonald and others (1990a) investigated one
such community, dubbed Mussel Beach (27°44°5"N,
91°32716"W), that occupies a 10 ha area of relatively
level (total change in depth <10 m) bottom at a mean
depth of 630 m. This site lies at the head of a broad
graben that extends to the southeast for at least 12
km (Behrens 1988) and is bounded to the northeast
by a steeper slope. The subbottom signal (25 kHz)
throughout this areais reduced in athin (<1 m) layer
immediately below the surface; however, surficial
rocky strata are limited to small carbonate outcrops
at the base of the slope. Therrnogenic gas hydrates
were collected from the surface sediments in this site
(J.M. Brooks, unpublished data 1987), so it is likely
that the signal attenuation is due to a diffuse layer
of hydrates.

Mussels occurred in linear beds (Fig. 4) that com-
prised up to 50 m’in area, whereas tube worms were
rare and occurred in much smaller (ea. 30 cm) clus-
ters. Bubbling gas seeps were also rare and, although
mussels were seen at these seeps, bubble streams
were not seen around most of the mussel beds. The
implication of thislack of bubbling gas seeps s that
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methane was becoming available to the mussels via
a different process than at the Bush Hill-type com-
munities.

A noteworthy characteristic of the Mussel Beach
site was extensive patches of discolored sediments.
Visualy, these patches were blue-green, tended to
occupy shallow (<20 cm deep) depressions, and often
formed linear patterns that resembled miniature del-
tas or meanders. The cause of the discoloration is
brine that escapes from the sediments and flows or
pools at the sediment/seawater interface. Although
attempts to collect brines in fluid samples from the
sediment interface were inconclusive (maximum sa-
linity 39%), the pore fluids that were squeezed out
of the punch cores contained salinities of up to 100%e
(MacDonald and others 1990a).

Methane entrained in seeping brine (e.g., by de-
composition of gas hydrates) provides an aternative
means for conveying methane to the mussels.
MacDonald and others {1990a) mapped the fine-scale
distribution of mussels and brine seeps at Mussel
Beach and examined the length frequency histo-
grams of collections Of mussels taken near areas of
brine-stained sediments. They proposed that larval
mussels selectively settle at or near the brine seeps.
Settlement may cease, however, if the discharge of
methane-rich brine is reduced. The result is a mix of
mussel beds, some with a significant proportion of
juvenile settlement classes, while others consist only
of adult classes. These “young” and “old” beds are
spatially discrete and may occur in close proximity
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Figure 4. Beds of the seep mussel
(Bathymodiolus n. 3p.) lining brine
seep ftow channels near 27°44°55°N,
91"32'16"W. Photograph taken with
a vertically nounted canera: scale is
-1.25 mfrom left to right edges.

to each other because the brine is confined to distinct
pools and channels on the sediment surface.

More recently, a small (190 m?) pool of brine (sa-
linity 121.35%0) was found near 27°43'24"N and
91°16'30"W at a water depth of 650 m (MacDonald
and others 1990b). The brine filled the pool to a
depth exceeding 3.5 m and contained saturating con-
centrations of microbia methane (83C = — 63.8).
It was ringed by a large (540 m?) bed of seep mussels.
Mussels settled on the “shoreling” of the pool in-
cluded numerous juveniles, whereas the periphery
of the bed comprised a single settlement class without
juveniles. The difference in length frequency sup-
ports the preference of settling mussel spat for open
brine. The pool, dubbed Brine Pool NR- 1, was sit-
uated on a mound with an elevation of about 6 m
and a basal diameter of about 130 m. Given the local
€levation of the pool, it was apparent that brine filled
the pool by welling in from below, rather than by
the side-filling process which has been described at
other brine pools (Rezak and Bright 1981) and basins
(Shokes and others 1977). Furthermore, athough
brine is undoubtedly lost from the pool by diffusion
into the water column and lateral percolation through
the sediments, the continuous band of mussels sur-
rounding the pool counter-indicates channelized run-
off and may help to stabilize the rim.

Video records and field notes from the operations
with NR-1 were reexamined in the light of these
findings and it became clear that at least two other
brine pools had been observed at 27°26'30"N,




91 °40'30"W, 662 m depth and 27°35'59"N, 92°55'58'W,
590 m depth, respectively. The former was evidently
in an earlier stage of formation than Salt Well NR-
1 because large plumes of sediment were being €jected
with the escaping gas bubbles and the very steep
(~80°) rim was still collapsing into the pool. Despite
evident quantities of methane at both sites, neither
had been colonized by mussels. The features may
have formed too recently for colonization to have
occurred, or the rapidly eroding rims may not yet
provide a stable substrate for settlement.

Assemblages Dominated by Vesicomyid Clams

Vesicomyid assemblages comprise the species Ca-
{yptogena ponderosa and Vesicomya cordata (B0ss
1968). Carbon isotope ratios in tissue samples from
these species (Brooks and others 1987b) indicate che-
moautolithothrop hic utilization of sulfides. Both spe-
cies are epibenthic and mobile; ventral margin is down
in life position, with the anterior part of the umbo
pointing toward the sediment at an angle of -40°
(Fig. 5). They move by plowing through the surface
sediments, leaving distinctive vee-shaped trails (Ros-
man and others 1987). This life position and trail-
making habit was now known to be widely charac-
teristic of the Vesicomyidae when they occur on soft
substrata, having been reported from abyssal habi-
tats in the Japan Trench (Ohta and Laubier 1987)
and the Laurentian Fan (Mayer and others 1988).
Rosman and others (1987) described two vesico-
myvid aggregations on the Louisiana Slope that had
minimum widths of 95 and 145 m, respectively, and
comprised a mixture of living individuals and dead,
disarticulate shells. N. L. Guinasso (unpublished data
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Figure 5. Epibenthic aggregation of
the vesicomyid clam Calyptogena
ponderosa near 27°45°30°N,

8T58 18" W, 940 m depth. Note the
traits formed by living dams as they
plow through the surface sediments.
Living clams are frequently associ-
ated with pavements of dead shell.
Scale of photograph (taken with ver-
tically mounted camera) is -2.25 m
from left to right edges.

1989) has described aggregations several times larger
based on surveys with NR-1. He reports numerous
doughnut-shaped sonar reflectors from this site. One
of these, which was examined in detail, was a small
blow-out crater or pockmark approximately 10 m
wide by 3 m deep, clearl y formed after the estab-
lishment of the clam aggregation. Physical samples
collected near this site (27°41 ‘N and 91°32' W) re-
vealed a thin (<10 cm thick) layer of poorly con-
solidated and liquid-rich sediments with an under-
lying layer of heavily tarred, relatively impenetrable
sediments. Because clam aggregations typically in-
cluded many articulated dead valves in life position
on the surface, it islikely that photo surveys like that
of Rosman and others (1987) would tend to over-
estimate the number of living individuals in the ag-
gregation.

Assemblages Dominated by Lucinid and Thyasirid
Clams

Lucinid assemblages comprise primarily Lucinoma
atlantis, Lucimoman. 3. ( Pseudorniltha sp. of Brooks
and others 1987b, Powell and others 1989), and Thy-
asira olephila. Although it is highly probable that
both species of Lucinoma host sulfur-oxidizing en-
dosymbionts (Brooks and others 1987b), no living
T. olephila have been collected, so the chemosyn-
thetic potential of this species can only be inferred
from its habitat and its abundance. All three species
are typically associated with subsurface lithification
in the form of authigenic carbonates that range in
size from small granules to fist-sized nuggets. Surface
plates of authigenic carbonate are not uncommon.
Lucinid assemblages are often characterized by dead
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and disarticulate valves, generally well preserved,
dotted over the surface sediments. Living specimens
are seldom seen on the surface, but are, frequently
collected in box cores.

The depth of occurrence appears to be controlled
in part by the occurrence of tars. At sites where the
underlying sediments were heavily tarred, lucinids
were restricted to the upper 5 cm. Elsewhere, they
had been collected with box cores at sediment depths
of 65 cm. Beds of T. olephila that consist entirely of
dead. articulated valves in life position are notewor-
thy for their very high densities (up to several thou-
sand “Individuals m *2). Box cores in these localities
frequently recover gas hydrates. Venting of gas from
the surface leads to the formation of numerous car-
bonate chimneys (Fig. 6). Because of their infaunal
habitat, photographic surveys and trawl sampling
would tend to underestimate the importance of 1u-
cinid assemblages (Callender and others 1990).

Summary and Conclusions

Exploration to date has revealed thriving biological
communities on the continental slope south of Texas,
Louisiana, and Alabama in a bathymetric range of
350 to 2,200 m at sites where seepage of oil and gas
produces seismic wipe-out zones. Utilization of re-
duced compounds associated with seeping hydrocar-
bons has been observed directly (in the case of meth-
ane-based chemosynthesis) or has been inferred from
the stable carbon isotope ratios of animal tissue. Four
types of communities can be recognized based on the
predominant species of chemosynthetic fauna: 1) tube
worms clusters or “bushes,” with isolated seep mus-
sel beds, 2) linear mussel beds at brine seeps. 3) beds
of two species of surface-living vesicomyid clams, and
4) extensive areas having a scatter of dead lucinid
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Figure 6. Carbonate chimney
formed around a gas vent near
27°33'27"N, 92"32'22"W.575m
depth, Note seep mussel attachedr.
chimney (arrow), Infaunal aggrega-
tions Of lucinid and thyasind clams
were very abundant at thissite.as
were gas seeps and hydrates; how-
ever. the attached specimen was the
only seep mussel observed at this
site.

clam shells on the surface sediments and a living
population beneath the surface. Community devel-
opment appears to be determined by whether seep-
age provides methane or sulfide compounds to the
benthos and by the geological characteristics of the
surface sediments. Seep mussels occur in discrete
beds defined by the flowage patterns of methane
saturated brine at the sediment/seawater interface.
Results from Brine Pool NR-1 suggest that a re-ex-
amination of high-resolution seismic data from the
slope would reveal additional brine pools and that
these may support seep mussel communities. Tube
worm clusters are most commonly associated with
hummocky topography in the crests of grabens or
half grabens. Clam communities tend to be dispersed
over larger areas than tube worm or mussel com-
munities and may be either infaunal (L ucinidae and
Thyasiridae) or epibenthic (Vesicomyidae).
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Chemosynthetic Mussels at a Brine-Filled Pockmark
in the Northern Gulf of Mexico

. Row MacDoNALD, JAMES F. Rerry II, NorMAN L. Guniasso, Jr.,
JAMES M. BrRooks, RoBerRTS. CARNEY, WiLLiaM A. BRYANT,

THoMmas J. BRIGHT

A large (540 square Meters) bed of Bathymodialus a. sp. (Mytilidae: Bivalvia) rings a
pool of hypersaline (121.35 practical salinity units) brine at a water depth of 650
meters on the continental slape south of Louisiana. The anoxic brine (dissolved oxygen
=0.17 milliliters per liter) contains high concentrations of methane, which nourishes
methanotrophic symbioats in the mussels. The brine, which originates from a sale-
cored diapir that penetrates to within 500 meters of the sea floor, fills a depression that
was evidently excavated by escaping gas. The spatial continuity of the mussel bed
indicates that the brine level has remained fairly constant; however, demographic
differences between the inner and outer pasta of the bed record small fluctuations.

HE VIOLENT ESCAPE OF GAS
through surface sediment often
forms sea ficor pockmarks (1) or
craters (2). During a submarine survey of
the continental Slope, northem Gulf of Mex-
ico, we found pockmarks that were tilled
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with hypersaline brine. These features are
evidently a consequence of sdt tectonismin
a hydrocarbon province. One of the pock-
marks, brine pool NR-1, was ringed by a
large bed of Bathymodiolus n. Sp., a mussel
(3) thar possesses methanotrophic symbi-
onws (4). This discovery signals that the
potendal habitat for Bathymodiolus n. sp. on
the slope may be greater than previously
thought and demonstrates chat chemosyn-
thedc fauna, already known for their toler-
anee of toxic sulfides (5) and aromatic com-
pounds (6), also tolerate hypersaline condi-
tions.

Tectonic deformation of the Louann Salt,
a has

Louisiana

!

Northern Gulf of Mexico

\ -Q\\
\k. ‘}5. ;:s\j.
‘*%:a@»\ S

A Satt diapir {7} Rk

ST
SIS

!;A_ & = W3S )\
Flg, 1. Two dimensionally processed, common-
depth-point (CDP) seismic data showing a nocth-
SoUth eransece of the Inser map shows
its general location M the northern Gulf of Mes-
co. (Daa countesy Of Hallibureon Geo-
physical Services, Inc.]

much strucraral complexity in the northem
Gulf of Mexico (7); common features in-
clude salt diapirs and growth fauls. The
faults provide a conduit for natural hydro-
carbon seepage (8-10), which is recognized
as awidespread phenomenon on the Louisi-
sna slope (11). Large chemosynthetic com-
munides, which have been reported at oil
and gas seeps its water depths of 500 o 900
m (12), arc bielogical consequences of hy-
drocarbon Seepage

Because many salt diapirs penctrate recent
sedimentary strats, sea floor brine seepage is
also thought to be a common phenomenon
in the GUIf of Mexico (7), but only a few
acrual seeps have been documnenred Brine
that originates from the Louann Salt has
been found in a shallow (-25 cm deep)
pool on the Texas shelf (13) and in alarge
(90 km?) basin (14) on the lower Louisiana
slope; both fearures are filled from the skit
by drainage from salt deposits located
above. Brine that originates from saline
aquifersin the Florida-Bahama pladorm sat-
urates surface Sediments at the abyssal base
of the Florida escarpment (15). Reduced
compounds associated with this brine nour-
ish chemosynthetic communities that in-
elude a second species of mussel (16, 17).

Brine pool NR- 1 was found (18) approxi-
mately 285 km southwest of the Mississippi
Delta =~ ="~ """ 91"16'3CIW) near the
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Fig. 2. A north-south transect of
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pockmark and brine pool recorded by Submarine NR-{. (A) Corrected

topographic profile and (B) subbotrom profile (25 kHz) at same horizontal and vertical scale. The
apparent differences berween the corrected topography and subbottom profile are an artifact Of changes
The horizon

in the submanne’s alttude dlong the transec.

ral 23S is proportional to transit i me 50 t

distance on the figure is a funcdon of rhc submarines speed.

location \t'here Anderson et al. collected
sediment cores that contained crude oil (8).
The pool lies ac a water depth of 650 m
among a series Of recent slump terraces at
the head of a broad, trough-like graben that
deepens to the southeast (10). A sakt diapir,
the top of which is -500 m below the
sediment-seawater interface, iS evident in

Fig. 3. A mosaic of 231 video photographs

showing the brine-filled and surround-
ing mussel bed. The photograph were recorded
on half-inch tape and digitally reduced to a con-
stant scale. Inner “shoreline” of mussel bed was
manually traced and open brine was imaged with
aconstant gray tone. The irregular southern edge
of rhc mussed bed is due to lateral seepage of brine
from che jow (southern) side of the pockmark
Approximate locadons in mussel bed where mus-

selswere collected for measurement arc fabeled as
follows. (.4) northernouter, (B) northern inner,
(C) southern inner, and (D) southern outer.
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seismic profiles across this site as a seismic
anomaly and hyperbolic reflector (Fig. 1).
Normal faults generated by salt uplift extend
from the diapir and terminate against the
base of the slump block. Shallow gas Satura-
tion in the tsar-surface sediments iSindicat-
cd by a high-amplitude feature at the sedi-
ment surface and signal attenuation beneath
the

As shown in a25-kHz profile, brinefills a
22-m-long, 1 1-m-wide, elliptical crater that
is stmated atop a mound with a heighe of
about 6 m and a basal diameter of about 130
m (Fig. 2A). In nongassy sediments, such
profiles typically show sedimentary serata to
dcprhs of -20 m below the ocean bottom.
On the periphery of the pool, the scismic
signal was attenuated by highly reflective
layers <2 m below the bottom. Judging
from gas fracrures and hydrates in piston
cores we collected in ncarby areas, these

layers suggest that gas-rich sediments and”

Fig. 4. Living Bathymodio-
lusn. sp. (Myrilidae: Bival-
Via) party submerged in
anozic brine at rhc edge of
the brine-filled pockmark.
Blackened shells of dead
mussels can bC seen com-
pictely submerged in brine
a the lower edge Of the
frame. The anoxic-orxic in-
rerface at the sarface Of the
brine is cvident in the
abrupt chaage in color
from dark blur (reduced)
t0 orange (oxidized) Over
‘the lengths of the mussels
shells. The Shaggy coat-
ings visible o some mus-
scls arc silt-fouled byssus.
The larger mussels art ap-
protimately 120 mm long.

possibly diffuse hydrates occur s-scar the
mudline ac this site (Fig. 2B). Strains of
fine bubbles were seen rising from the center
of the pool and appear as a slight trace in the
25-kHz record. NO bubbles were observed
atthe pool €dges or in the mussel bed.

A debris lobe on the north side of the
pool suggests that vigorous expulsion and
down-slope dumping of sediment occurred
when the pool formed. The subbottom pro-
files Of the necar-surface Strata and direct
observations gave no indication of @ rOCky
substratum. We infer thatr the mound is
composed of fine-gtairscd and poorly con-
solidated sedimentary macerial char has been
disrupted by upwardly migrating gas.

A berm, approximately 0.5 m high, en-
closes the mussel bed and the pool 10 the
cast, north, and west, but is reduced or
absent to the south (Fig. 2A). Open brine in
the pool cars be readily disdnguished in
subbottom profiles by itS sharp, flat density
inrerface (Fig. 2B). A second horizontal
reflector 1.5 M beneath the interface appears
to indicate the maximum deptdh of the brine.
However, when wc attempred to plant a
3.5-mpole upright inthe center of the pool,
it sank straight down and disappeared.
Therefore, the second reflector is probably
also a density interface. The edges of the
pool arc well defined by the subborrom
profiler, where layers of mussel shells pro-
vide an intense seismic reflector (Fig. 2B).

Brine Was collected (19) ii-erTs the upper
dcnsxty 13y€f neat the center of the POOl
Although its salinity (121.35 pracuical salini-
ty units, -3.5 dmes seawater salinity) was
less than saturadon, it is likely that the
density layer below contains more saline
brine. The temperarure of the upper layer
(8.7°C) exceeded the ambient secawater tem-
perature by 1.6°C. The brine was nearly
anoxic (dissolved Oy = 0.17 mb/liter); mea-
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ared dissolved oxygen mav have resulted
rom contamination during collection. Odor
f 14, Swas strong in the dive chamber when
vine samples were collected. Vigorous ef-
ervescence during collection indicated that
«ome dissolved gases wer eat saturation with
espect to an ambient pressure of 1 atm.

Bubbles collected in a bell jar over the
‘enter of the pool were predominandy CH,

76.3%), with trace quantities of C;Hy (452
apm}and CyHg ( 145 ppm). The carbon
I sotope ratio of the CH, (8'*C = -63.8 per
mil ) and the low proportion of higher hy-
Irocarbons indicate that the CHy in the
bubbles was primarily microbial in origin
‘20). Biodegraded oil recoveredin surface
ediments on the periphery rhc pockmark
indicated the presence of thermogenic hy-
Jdrocarbons in the area.

Chemosynthetic mussels surrounded the
open brine in a continuous band, approxi-
mately 3 m wide on the narrowest side, the
northwest edge, and 7 m wide on the south-
cast edge (Fig. 3). The mussel bed was
clevated only a matter of centimeters above
rhc brine-seawater interface; itS rotal area
was -540 m? whereas the area of the open
brine was -190 m®. Transition from the
mussel bed to bare sediment was abrupt on
the north, west, and east, but more gradual
to the south, where the berm was reduced or
absent. To the south, gaps of stained sedi-
ments appeared as the continuous bed gave
way [0 curvilinear stringers, intermingled
with patches Of disarticulate mussel shells
which were mostly broken and pitted) and
flamentous colonies of white bacteria
Shells continued to dot the sediments 20 m
south of the bed. There was no sign of a
brine-oudiow channel through the bed. We
infer that the irregular southern edge of the
mussel bed resules from lateral percolation
of brine through surface sediments.

A diverse and abundant biological com-
munity was associated with the mussel bed.
Chemosynthedc tube worms, Lamellibrachia
n. sp., which arc abundant at other Louisi-
ana siope 0il seeps (12), were represented
here by afew solitary individuals. Demersal
fishes'included Chaunax piaus, seen resting
on the bottom outside the bed, the ecl
Synaphobranchus ., and the hag fish Eptatre-
s SP. WC collected a severely disoriented
fish, Nezumia sp., as it Swam in circles upside
down just above the open brine, possibly
affccted by hydrogen sulfide toxicity, Our
operadons OVCt the brine created internal
waves, which lifted wcU-preserved dead fish
from the bottom of the pool and INto view
around irs edges. Epifaunal Crustaceans ob-
served among the mussels included a large
magid crab, Rochinia crassa, as WCU as numer-
ous shrimp, Alvinocaris stactophila, and ga-
latheid crabs, Munidopsis Sp., which browsed
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the interstices of the mussel bed. An uniden-
tificd paranoid polycheate formed a dense
mat bencath the bed.

Severa differences were evident berween
the outer edges of the mussel bed and the
inner margin adjacent to the open brine.
Mussels on the outer edge rested flat on the
sediments OF Were loosely shingled onc on
another, whereas those on the inner edge
stood vertically, with their anterior ends
down, firmly bound by their byssus into a
dense mat. Mussels on'the inner edge adja-
CCM to the open brine were partly sub-
merged in brine; the interface between oxic
seawater and anoxic brine was distinctly
visible here because their upper (posterior)
ends were rust-colored whereas their lower
(anterior) ends were black (Fig. 4). The
innermost bed was formed from complete-
ly submerged, dead individuals, whose
valves, heavily blackened by mineral de-
posits, were till articulated and in many
cases contained poorly preserved remains
of the soft tissues.

Bathymodiolus n. sp. require adequate sup
plies of dissolved methane and free OXygen
for growth (4). Because the brine supplies
dissolved methane to the mussels at thissire
whereas OXygen is Ol from ambient
seawatey. the spadal diseribudon and de-
mography Of the mussels record the local
extent Of the oxic-anoxic interface and may
indicate subtle fluctuations in vrine level.
Mussels collected from the ourer edge (21)
apparently all belonged co a single sette-
ment class of intermediate length, whereas
inner-edge mussels formed four apparent
serdement classes (2.2) that ranged from
recendy settled spar to the largest specimens
collected from the site (Fig. 5). Individuals
of the intermediate-length serdement class
that was prevalent on the outer edge were
tare ON the inner edge.

Spat of chemosynthedc mussels from the

2, A
R

n=37

Freqt ency

lected from the mussel bed n=274

mnomdmg the brine-
filled pockmark. Collec-

tion locations (A-D) refer

mdwdampnonmﬁ)g.f:‘

an kengths (+1 SD

arc as follows:

(A) 104 8.7 mm, (B) 63
=+ 35.3mm, (C) 45= 26.6
mm, {D)84 = 11.5 nun.

0
o0 20 40

0 J
60 80 100 120 0

Gult ot Mexico evidendy sectes OF survive
preferentially ON substraca Where brine sup-
plics dissolved methane ( 15,16, 23); this
preference is evident in rhe prevalence of
spat and juveniles ON e inner eage Of the
bed. The mussels tolerate partial submer-
gence in the anoxic brine; however, com-
plete submergence would undoubtedly bc
lethal. A risein brine level of a few centime-
ters would therefore kill many of the mussels
on the inner edge but would aiso broaden
the distribution Of methane-rich brine and
promote sertdement on the outer edge. Set-
dement would cease on the outer edges with
subsequent lowering Of the brine level and
would resume on the inner edges.

Lack of recent serdement on the outer
edges, the broad size range of musselson the
inns eages, aNd the accumulation of dead
individuals in the pool all indicate that these
mussels exist at an equilibrium between an
adequate concentration Of nutritive methane
and an oversupply of anoxic brine. Despite
evident fluctuations, the overall spatial con-
dnuity of the mussel bed is siking. Com-
pared with the patchy fine-saale distribution
of chemosynthedc fauna in communities
reported from elsewhere (3, 12, 16,23, 24),
this mussel bed maintains a reladvely uni-
form density over a significandy |arger area.
The density of the brine traps methane
beneath a distinct interface with oxic seawa-
ter, and the morphology of the pockmark
edges provides a stabl e subswamum beneath a
thii layer Of brine. Such conditons arc
clearly favorable for methanomophic symbi-
osis.

We have also found brine-filled pock-
marks ar two other locations on the Louisi-
ana slope (25). They occurred On low
mounds, had raised rims, and contzined a
dense, light-refractive fluid from which bub-
blcs.were escaping. One of these was evi-
dendy in active formation because its steep

0.0
60

n= 437

40 4

n=71

20 40 60 80 100 120

Length (mm)
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(-80°) rim was seen collapsing into the
pool white plums Of fine sediment were
cjected by vigorous bubble discharges. De-
spite apparent concentratons Of Methane,
neither feature had been colonized by mus-
scls. Either the unstable substrata on the
rims impedcd sertlement Of mussels, or the
fearures were so recent that colonization had
not vet occurred.

Doming of the sca floor under pressure
from upwardly migrating gas, followed by
cruption, will excavare a pockmark Wwith
raised rims (1, 2). If hypersaline pore fluids
arc present, as they arc in the vicinity of
brine pool. NR- 1 (10), lateral Seepage
through the pockmark walls will fill the
depression with brine. Sediments suspended
at the bottom of the pool may continue to
bc excavated Dy bubble discharge afier the
initial eruption. Anoxic conditions may also
inhibic microbial oxidation of methane and
prevent the formation of authigenic carbon-
ates, which arc common at North $ea pock-
marks (5) and Gulf of Mexico gas seeps (10,
11). Although these features may be rela-
tvely Small, a careful examination Of seismic
records should reveal addidonal brine-fdlcd
pockmarks on the condnental slope of the
northern Gulf of Mexico. Their potendal as
habitats for chemosynthedc communides is
evident.
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Gulf of Mexico hydrocarbon seep communities: VIII. New deep water
petroleum seep communities in Alaminos Canyon
S. J McDonald*, D. A. Wiesenburg*, C. R Fishert, J. M. Brooks*, R. A. Burke,
Jr.*, W. W. Sageri, P. Aharon$, and R. S. Carney$

ABSTRACT - Deep sea chemosynthetic communities were recently
discovered in the western Gulf of Mexico (GOM) along a carbonate ridge_in
Alaminos Canyon at depths between 2010 and 2030 m. Two sites were
discovered that had high densities of both mussels and vestimentiferan tube
worms. Additionally, numerous isolated clumps of vestimentiferans were
observed during transects of this area. A new species of mussel and a tube
worm similar to those found at the Florida Escarpment chemosynthetic
communities were collected at the first dive site. Two species of mussels
and one vestimentiferan were recovered at the second dive site. Of the two
species of mussels, one is identical to the mussel found at the first dive site,
while the second mussel and the vestimentiferan are similar to species
found at shallow petroleum seeps in the GOM. Enzyme data, ultrastructural
information, and stable isotope values indicate that the vestimentiferans
contain thiotrophic symbionts and that the mussel similar to those at

shallow petroleum seeps is methanotrophic.
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Oil-stained sediment cores have been recovered near these sites and
the extensive carbonate structures observed have d 13C values consistent
with bacterial utilization of gas and/or oil. Mussel and tube worm tissues
contained concentrations of polynuclear aromatic hydrocarbons that are
indicative of chronic exposure to oil. This data suggests that the Alaminos
Canyon chemosynthetic communities are associated with seeping oil and
gas.

INTRODUCTION

Chemosynthetic communities were first discovered in the Gulf of
Mexico (GOM) at the base of the Florida Escarpment at >3000 m of depth
(PAULL et al, 1984). An unidentified methanotrophic mussel, a thiotrophic
vestimentiferan tube worm, and a thiotrophic vesicomyid clam have been
identified at the Florida site (CARY et al.,, 1989). The seepage of brines from
the intenor of the Florida platform is the suggested source of methane and
sulfide to the chemosynthetic fauna (PAULL et al, 1984; COMMEAU et cd.,
1987: CARY et al, 1989). Chemosynthetic communities also occur at natural
petroleum seeps on the Texas-Louisiana continental slope (KENNICUTT et
al., 1985). Petroleum seep fauna include vesicomyid and lucinid clams, and
vestimentiferan tube worms that harbor thiotrophic bacterial
endosymbionts. Also abundant at many of the petroleum seep sites are
mussels that host methane-oxidizing bacterial endosymbionts (CHILDRESS
et al.,, 1986: FISHER et al., 1987: BROOKS et al., 1987). To date.
approximately 40 sites at which chemosynthetic fauna are found have been
documented on the Texas-Louisiana continental slope at depths between
400 and 1000 m (KENNICUTT et cd., 1988a: MACDONALD et al., 1990a).

The reduced chemical species (e.g., sulfides and methane) required to fuel



chemosynthesis are associated with seeping oil and brine (KENNICUTT et
al., 1985: BROOKS et al., 1987: MACDONALD et al., 1990b).

Natural oil and gas seepage is a widespread phenomenon on the
northern GOM continental shelf and slope (SACKETT, 1977; BERNARD et
al., -1976: ANDERSON et al, 1983: BROOKS et al, 1984; KENNICUTT et al,
1988b). The near surface seepage of hydrocarbons is controlled
predominantly by fault systems developed during salt diapirism that seine as
conduits to the sediment-water interface (GEYER and SWEET, 1973:
MARTIN and CASE, 1975: BEHRENS, 1988). Features typically associated
with hydrocarbon seeps include oil-stained sediments, gas hydrates,
authigenic carbonates, brine seepage, mud volcanos with blow-out craters
and acoustic "wipeout zones” (ANDERSON et al., 1983; BROOKS et cd., 1984;
1986: 1987: KENNICUTT et al, 1985: ROBERTS et al, 1987; PRIOR ¢t al.,
1989: KENNICUTT and BROOKS, 1990). The Alaminos Canyon area was
considered a likely site for deep water chemosynthetic communities
because many geological features associated with near sediment surface
seepage are prevalent and oil-stained sediment cores were recovered during
surface geochemical prospecting cruises in 198-7 and 1988 (personal
observation, JMB). The present study describes the chemosynthetic
communities discovered in Alaminos Canyon and reports the results of
enzyme, stable isotope, and tissue polynuclear aromatic hydrocarbon
measurements of some of the fauna.

GEOLOGICAL SETTING

Alaminos Canyon is located approximately 194 km south of Galveston,
Texas, between 26°-27°N and 94°-95 W (Fig. 1). It is a re-entrant in the
Sigsbee Escarpment, which is a monocline separating the continental slope

and rise in the northwestern GOM (BRYANT et al., 1968]. The canyon is



approximately 15 km wide, 40 km long and 800 m deep, and is oriented
north-south. Unlike the classic submarine canyons described by SHEPARD
and DILL (196(3), Alaminos Canyon has sides with relatively low slopes and
has no obvious channel connecting it with the shelf (BRYANT et al., 1990).
The- morphology of Alaminos Canyon is thought to have resulted from salt
tectonics. The canyon protrudes into the Sigsbee Escarpment, which is the
leading edge of an allochthonous sheet of Jurassic salt that has been
mobilized by the mass of overlying, younger elastic sediment. This sheet of
salt has risen to near the seafloor and is now flowing downslope towards the
deep GOM (BERGANTINO, 1971: HUMPHRIES, 1978). Because of its
location at the boundary between the Texas-Louisiana and Rio Grande salt
basins, where the Sigsbee Escarpment changes trend from east-west to
north-south, Alaminos Canyon appears to have formed by the coalescence of
salt sheets from the two different provinces (GARRISON and MARTIN,
1973). Alaminos Canyon is surrounded on the north and east by hummocky
terrain that is also a result of deformation by salt flowage and tectonics
(BERGANTINO, 1971).
MATERIALS AND METHODS

Sample collection

Areas containing geophysical and geochemical characteristics
associated with seep communities were examined in the Gulf of Mexico in
April 1990 using the DSRV Alvin (support ship the R/V Atlantis II). Two
dives in Alaminos Canyon were completed on April 10 and 12. Animals and
carbonate rocks were collected using Alvin’'s manipulator arm and placed in
a temperature-insulated box for transport to the surface. Mussels and tube
worms were transferred to chilled seawater (7°C) immediately upon

recovery and stored chilled until dissection, usually within 2 h. Dissected



tissues were frozen at -70°C for subsequent laboratory analyses. Tissue
samples from all mussels were provided to R. Vrijenhoek and C. Craddock
(Rutgers University) for genetic analyses.

Enzyme assays

Enzyme assays were conducted on tissues that had been frozen in
liquid nitrogen immediately upon dissection and stored at -70°C. All
enzyme assays were conducted at 20°C. The tissues were homogenized with
a ground glass tissue grinder in 0.2 mM Tris/HCI (pH=7.5, either 1:4 or 1:9
tissue: buffer). The homogenate was not centrifuged prior to use in assays,
since a substantial portion of the enzymatic activity is often associated with
the pellet. Homogenates were assayed for ribulose- 1,5-bisphosphate
carboxylase-oxygenase (RuBP C/0; EC 4.1. 1.39) activity using a !4C
incorporation method (WISHNICK and LANE, 1971, modified by FELBECK,
198 1). Data were collected at three time points (5, 10, and 15 rein) and
corrected for non-RuBP dependent carboxylations with substrate-free
controls. Adenosine-5'triphosphate sulfurylase (ATP sulfurylase; EC 2.7.7.4]
and adenosine-5'-phosphosulfate reductase (APS reductase; EC 1.8.99.2)
activities were assayed in additional homogenates by the methods of
FELBECK (1981). Methanol dehydrogenase (MeDH) was assayed by the
spectrophotometric method of ANTHONY and ZATMAN (1965).

Stable isotopes

Stable carbon and sulfur isotope compositions were determined on
homogenized mussel body and gill tissues and tube worm soft tissues. Stable
carbon isotope composition was also determined on carbonate samples.
Tissue homogenates were freeze-dried and acidified to remove carbonates.
Tissue samples were then combusted to COg using standard closed-tube

techniques. Carbonate samples were acidified to yield CO2 (PRESLEY AND



KAPLAN, 1968) The 13C/12C of the resulting CO2 was analyzed with a
Finnigan MAT 251 isotope ratio mass spectrometer (IRMS)(SOFER, 1980;
LEFEUVRE and JONES, 1988). Stable carbon isotope ratios are reported in
the standard del ( %e) notation relative to the PeeDee Belémnite (PDB)
standard (CRAIG, 1953). . Stable sulfur isotope ratios were determined on
both elemental sulfur isolated from gill samples and freeze-dried tissue
homogenates. Elemental sulfur was converted to SO2 by the method of
UEDA and KROUSE (1986) and the d34S of the purified SO2 was determined
with an IRMS. Organic sulfur in tissues was converted to BaSO4 in a Parr
Bomb under 30 atm of O2 (FRY et al, 1983). The BaSO4 was converted to
SO2 (HOLT and ENGLELKEMEIR, 1970) and the purified SO2 was analyzed
by IRMS. d34S values are reported in the standard del (%9) notation relative
to the Canyon Diablo meteorite standard.

PAH

The concentrations of PAH were determined for mussel and tube
worm tissues. Surrogates were added to tissues homogenates
(approximately 5 g and digested with 6N KOH at 35*C for 18 h. The
digested tissue was serially extracted with ethyl ether (WADE et al., 1988).
The eluate was dried with sodium-sulfate, concentrated, and purified by
alumina column chromatography. The aromatic fraction eluted from the
alumina column cleanup was further purified by high pressure liquid
chromatography and then concentrated (KRAHN et al, 1988). All
hydrocarbon samples were analyzed quantitatively on a Hewlett-Packard
Model (HP) 5890 gas chromatography interfaced with a HP Model 5970 mass

spectrometer, which was operated in the selected ion mode.
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RESULT'S AND DISCUSSION

Two dense communities of mussels and tube worms and several small
isolated patches of vestimentiferans were discovered in Alaminos Canyon
with the DSRV Alvin in April of 1990 (BROOKS et al, 1990). The
communities were found atop a small ridge, approximately 400 m above the
seafloor, at the center of Alaminos Canyon (Fig. 2). Seismic reflection data
show that the ridge is underlain by salt, but not connected to the salt sheets
surrounding the canyon (J. MUELLER, Mobil Oil Company, personal
communication). Thus, the ridge is probably a salt dome that arose from the
deep Jurassic salt layer and fractured oil-bearing sedimentary layers causing
seeps ascending to the seafloor. This discovery offshore of South Texas
extends the range of known chemosynthetic communities from the Florida
Platform to the western region of the Gulf of Mexico.

Community descriptions

Mussels and tube worms were collected at two sites. The first site was
at 26°21 'N and 94°30 W and was approximately 20 m2 in size. Tube worm
clumps and a few Live mussels were observed and the site was strewn with
dead mussel shells (Fig. 3). Due to the relatively rapid taphonomic loss of
mussel shells from these types of environments, the substantial quantity of
dead shells most likely indicates a recent population decline (CALLENDER
etal, 1990). Other fauna associated with this site included white shrimp
and white galatheid crabs. The community was surrounded by authigenic
carbonate rocks ranging in size from rubble to boulders. No venting gas or
stained sediments were visually apparent near the community. The
sediments associated with the fauna were a light tan color similar to the

surrounding hemi-pelagic sediments. Although the presence of bacterial



mats on the surface of sediments is common at shallow hydrocarbon seeps
(BROOKS et d., 1989), no surficial bacterial mats were observed at this site.

The second site, about 1 nautical mile to the west of the first site,
contained a dense community of both mussels and tube worms that covered
an area of approximately 100 m2. The community was surrounded by
massive carbonate structures, covered by mussels. In general, tube worm
clumps were located on the periphery of the mussel community. Dead
shells were not as prominent at this site as they were at the first site and
were evident only around the periphery of the site. White galatheid crabs,
swarms of white shrimp, and a few fish were observed throughout the
community. The surficial sediments were light tan in color with a few
scattered patches of dark discoloration. No gas bubbles or seeping oil were
observed.

Symbionts

Both symbiont-containing and symbiont-free tissues from mussels and
tube worms were analyzed for APS reductase, ATP sulfurylase, RuBP C/O,
and MeDH activities (Tables 1 and 2). APS reductase and RuBP C/O are
indicative of chemoautotrophic sulfur bacteria (AMINUDDIN, 1980) and
significant activities of ATP sulfurylase provide strong evidence for sulfur-
based chemoautotrophic activity (FISHER, 1990). Methanol dehydrogenase
catalyzes the oxidation of methanol to formaldehyde and is diagnostic for
methanotrophic and methylotrophic organisms (ANTHONY, 1982). None of
the enzymes characteristic of either methanotrophic or thiotrophic
symbionts were detected in the symbiont-free tissues of any species tested.

Like all vestimentiferans tested to date, both species from Alaminos

Canyon apparently harbor thiotrophic symbionts. Abundant symbionts were

visible in electron micrographs of trophosome tissue from each species
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(personal observation, CRF) and the levels of ATP sulfurylase and RuBP C/0O
present in all specimens indicate that these symbionts are thiotrophic. APS
reductase activity was detected in only one individual, however, activity of
this enzyme is often undetectable in thiotrophic symbiosis (FISHER, 1990).
Preliminary taxonomic investigations indicate that the two species are
closely related to other species found in the GOM (M. JONES, personal
communication). The soft parts of Lamelibrachia sp. from Alaminos Canyon
closely resemble those of Lamellibrachia barhami from shallow hydrocarbon
seeps. However, the tubes of the Alaminos Canyon species are considerably
more robust than those found at the shallow seeps, and most individuals
were approximately twice as large. The Escarpia sp. from Alaminos Canyon
is apparently similar to Escarpia laminata from the Florida Escarpment.

The presence of both methanotrophic and thiotrophic symbionts in
the mussel (seep mytilid 1) found at both sites in Alaminos Canyon has
recently been reported (FISHER et al, 1991). The other mussel (seep
mytilid Ib), found only at the second dive site, is apparently very closely
related to and may be the same species as a mussel (seep mytilid Ia) from a
shallow hydrocarbon seep (R. VRIJENHOEK and C. CRADDOCK, Rutgers
University, personal communication). The MeDH activities along with the
absence of detectable RuBP C/0O and ATP sulfurylase suggests that seep
mytilid Ib, like its shallow water relative, harbors only methanotrophic
symbionts. In fact the levels of MeDH activity found in gill samples from
seep mytilid Ib are the highest reported for any petroleum seep mussel
(BROOKS et al., 1987; FISHER et al, 1987).

Stable carbon and sulfur isotope analyses

The d 13C values of mussels from Alaminos Canyon are listed in Tables

1land 3. These values are within the range of values reported for



methanotrophic mussels collected at shallow petroleum seeps in the GOM
and heavier than values reported for methanotrophic mussels from the
Florida Escarpment, which are known to utilize biogenic methane
(KENNICUTT et al, 1985:1991: PAULL et al, 1985, BROOKS ;at al., 1987).
The- mean d 13C values of gill tissues from seep mytilid Ib and II, collected at
the second dive site, are not statistically different. The mean gill d 13C
values of seep mytilid IT collected at both dive sites are also not significantly
different, thus indicating similar methane generating processes throughout
the study site.

Methanotrophs and animals hosting methanotrophic symbionts are 13C
depleted because their cellular carbon d 13C typically reflects the d 13C of
their methane source (BROOKS et al., 1987). Methane can be produced
either bacterially or thermogenically, and both processes result in methane
that is depleted in 13C. The primary source of methane to the Alaminos
Canyon organisms is considered to be thermogenic since the d13C values of
mussel tissues are more positive than -50960 (BERNARD et al., 1977).

Tissues from 10 Alaminos Canyon vestimenti.ferans were analyzed for
d 13C [Tables 2 and 3). These values are within the range of d13C values
reported for tube worms found at shallow petroleum seep sites in the Gulf of
Mexico (KENNICUTT et al, 1985; 1991: BROOKS et al, 1987). The d13C
values of the two species of tube worms collected at the two sites are
significantly different. Possible sources of inorganic carbon to thiotrophic
petroleum seep vestimentiferans include both seawater and pore water
containing dissolved inorganic carbon {(DIC) (KENNICUTT et a., 1991). The
d 13C of pore water DIC at shallow petroleum seep sites in the GOM ranges
from -45%o to +18 (BROOKS et al, 1987; KENNICUTT et al, 1989). A

similar range of values in Alaminos Canyon could account for the differences
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ind ! 3C values observed in tube worms from the two sites Additionally,
growth rate, size, symbiont complement, and gas uptake and transport
capabilities could all affect the animal’s tissue d 13C values (FISHER, 1990:
FISHER et al, 1990; KENNICUTT et al, 1991).

The d% values in Alaminos Canyon mussels range from -2.4 to +3.0%o
(Table 3). These values are among the lightest reported for mussels
associated with chemosynthetic communities in the GOM (BROOKS etal,
1987: CARY et al, 1989: KENNICUTT et al., 1991). The d34S values for tube
worms from Alaminos Canyon are listed in Table 3. The d34S value of the
tube worm tissue collected on dive 2211 is the lightest reported for the
GOM (BROOKS et al,, 1987; CARY et al, 1989; KENNICUTT et al., 199 1).
The stable sulfur isotope ratio of an organism reflects its source of sulfur.
Non-chemosynthetic marine organisms typically have d34S values that
reflect seawater sulfate ratios (i.e. s +13 to +20%o, FRY et al, 1983). The
sources of 34S-depleted sulfur to petroleum seep chemosynthetic
communities in the GOM are currently unknown. Possible sources of sulfur
in the GOM include microbial sulfate reduction in pore waters and sulfides
associated with seeping brines, oil and gas (CHANTON et al, 1988:
KENNICUTT et al., 1989; VETTER et al, 1991). Sulfides associated with
seeping hydrocarbons may result from anaerobic sulfate reducers oxidizing
simple organic hydrocarbons at depth as well as thermal decomposition of
organic matter (VETTER et al.,, 1991). The d34S of oils collected near
Alaminos Canyon are near -4%o (THOMPSON et al.,, 1990). More negative
tissue d34S values may reflect input from recent microbial sulfate reduction
(VETTER et al, 1991].

Elemental sulfur was observed in the gill tissues of mussels collected

on dive 2209 (Fisher et al, 1991). The d34S value of elemental sulfur



purified from gill tissues of seep mytilid Il collected on dive 2209 is -2 .8%o;
whereas, the mean d34S value of total sulfur of the corresponding gill tissues
IS - 1.8%o0 (Table 3). The presence of elemental sulfur is an indicator of
chemoautotrophic activity (FISHER, 1990). The d34S of elemental sulfur is
considered to be the best indicator of the environmental source(s) of sulfide
to symbionts because it is the result of a dissimilatory pathway that results in
little isotopic fractionation (VETTER et al., 1991]. However, the d34S values
of the purified elemental sulfur from mussel gill tissues is ambiguous and
could be the result of microbial sulfate reduction and/or associated with
seeping oil.

Carbonate d13C values

Two carbonate rock samples collected at site 2 had d 13C values of -
31.1 and -27. 1%e. Authigenic carbonate is often formed at hydrocarbon
seeps from pore waters containing excess CO2 from the microbial
degradation of oil and gas. The excess pore water CO2 can combine with
calcium and precipitate as authigenic calcium carbonate (BROOKS et al.,
1986; BEHRENS, 1988). The carbon isotopic composition of authigenic
carbonate reflects the composition of the organic” matter being degraded
(BEHRENS, 1988, KENNICUTT and BROOKS, 1990). Carbonate resulting
from the oxidation of oil and gas often exhibits anomalously negative d 13C
values (KENNICUTT et al.,, 1989; BEHRENS, 1988). At shallow petroleum
seeps carbonate d 13C values have been reported to range from -47.5 to
+2.0%o0, reflecting various inputs from seawater XCO2 and oil and gas
oxidation (KENNICUTT et al, 1989).

Polynuclear aromatic hydrocarbons

All tissues analyzed exhibited evidence of PAH exposure (Table3).

Naphthalenes (both parent and alkylated homologs) were the dominant PAH
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detected. The concentration of total PAH in mussel tissues ranges from 439
to 1333 rig/g (dry weight). The single tube worm analyzed from site 1
contained 761 rig/g of PAH. These PAH concentrations are within the range
of values reported for other petroleum seep fauna (36 to 7530 rig/g dry
weight] in the GOM (WADE et al,1989; MCDONALD, 1990). Non-
chemosynthetic fauna collected near petroleum seeps have significantly
lower PAH concentrations (i.e., <10 - 66 ng/g dry weight, WADE et al.,
1989). The concentration and distribution of PAH in some seep fauna are
similar to those measured in oysters from contaminated coastal sites in the
GOM (WADE et d.,, 1988).

PAH have been measured in waters and sediments associated with
chemosynthetic communities at shallow petroleum seeps in the Gulf of
Mexico (WADE et al., 1989; MCDONALD, 1990). The concentration of total
PAH in water samples collected at a shallow petroleum seep in the GOM was

“ 28 rig/l, most likely resulting from the dissolution of seeping oil (WADE et
al., 1989). An indication of petroleum seepage in sediments is the amount
of extractable organic matter (EOM). EOM can be composed of both
biological (lipids) and petroleum hydrocarbons. Generally, sediments in the
Gulf of Mexico contain less than 50 ppm of EOM that is of biological origin
(KENNICUTT et al, 1988c). Previous studies have reported EOM values
that range from 21 to 5900 ppm in sediments associated with shallow
petroleum seeps in the GOM (KENNICUTT et al., 1988a). The EOM levels
of sediments collected during geochemical surveys in Alaminos Canyon
ranged from <10 to 2338 ppm (unpublished data). Additional evidence of
hydrocarbon seepage in Alaminos Canyon was provided by total scanning
fluorescence (TSF) and the analysis of head space gases. The intensity and

spectral composition of sediment extracts analyzed by TSF were



characteristic of petrogenic PAH (BROOKS et al., 1986; KENNICUTT et al.,
1988a). The concentrations of methane (>400 ppm) and ethane (>5 ppm)
in head space gases of sediments were elevated, suggesting gas seepage
(PHILP, 1987). Additionally, the high concentrations of Ca* gases in head
space samples reflects an input from thermogenic sources (BROOKS et al.,
1984]. The concentration and distribution of PAH in the tissues of Alaminos
Canyon fauna indicate chronic exposure to sediment and/or water-associated
PAH, most likely derived from the natural seepage of petroleum.
CONCLUSIONS

The chemosynthetic communities discovered in Alaminos Canyon fill
the depth gap of previously known chemosynthetic communities at shallow
petroleum seeps (400-1400 m) and at the Florida Escarpment (3000 m) in
the Gulf of Mexico. No metazoan chemosynthetic communities have been
documented below 400 m. Thus, the Alaminos Canyon discovery suggests
that chemosynthetic communities can now be expected at depths below 400
m, wherever regional processes produce a sufficient flux of substrates
suitable for chemosynthesis and/or methanotrophy at an oxygenated
sediment-water interface. Although, oil and gas seepage were not observed
during dives in Alaminos Canyon, previously collected oil-stained sediment
cores, geochemical data, and data collected in this study support the
conclusion that these communities are associated with oil and gas seepage.

The taxonomic similarity of a mussel and two species of tube worms in
Alaminos Canyon to species found at chemosynthetic communities nearly
500 nautical miles apart suggests that these organisms may not be restricted
to one geographic region. The discovery of two species of mussels, one of

which hosts methanotrophic symbionts while the other hosts both

methanotrophic and sulfide-oxidizers, at asingle site raises questions as to
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what environmental factors control microhabitat distribution of

chemosynthetic and/or methanotrophic fauna.
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Table 1. Enzyme activity and 813C values in various tissues of two species of mussels collected in
Alaminos Canyon

Dive #/Species Sulfur APS-R ATP-S RuBP C/O MeDH  Tissue $13C
Tissue (% GWW) (IU/g-1) (1U/g-1) (1u/g-1) (IU/g-1) %0

2209/
seep mytilid II

gill 0.585 * 0.288* nd* 2.56 + 1.05* 0.022* 0.008* 2.27 £ 0.97* -48,2 + 0,4*

2211/
seep mytilid I

gill nd* naf* 0.60 £ 0.39* 0.003 £ 0.001* 2.37* 1.19* -48.8 + 1.7*

2211/
seep mytilid Ib

gill nd nd nd nd 6.96+175 -439+1.8

data is mean % standard error, n=5 for all measurements
* Fisher etal., 1991
nd=not detected

IU=International Units, pmol substrate converted to product/min

sulfur iselemental sulfur in gills expressed as a percent of gill wet weight
APS-R = adenosine-5'-phosphosulfate reductase

ATP-S = adenosine-5'-triphosphate sulfurylase

RuBP C/O= ribulose- 1,5-bisphosphate carboxylase-oxygenase

MeDH - methanol dehydrogenase



Table 2. Enzyme activity in trophosome tissue and §13C values of vestimentum
and trophosome tissue from vestimentiferans collected in

Alaminos Canyon

Dive #/species APSR ATP-S RuBP C/O MeDH Tissue §13C
Tissue (IU/g'l)  dU/gh)  (aulgl)y  (dulgly %0
2209/Escarpia sp.
trophosome 02*+02 19.2+11.0 1.2 +0.48 nd -355+ 1.0
n=4 n=4 n=4 n=4 n=5
vestimentum - - -362+ 05
n=5
221 1/Lamellibrachia sp.
trophosome nd 85+20 0.440.14 nd -20.7+1.0
n=3 n=3 n=3 n=3 n=3
vestimentum - -21 .|4
n=

data is meant standard error

nd=not detected

-=not analyzed

1U=International Units, pmol substrate converted to product/min
*APS reductase was detected in a single individual at 0.7 1U/g/min
APS-R = adenosine-5-phosphosulphate reductase

ATP-S = adenosine-5-rnphosphate sulfurylase

RUBP C/O= ribulose- 1,5-bisphosphate carboxylase-oxygenase
MeDH - methanol dehydrogenase



Table 3. §13C values and total PAH concentrations i_n various
tissues of mussels and tube worms collected in Alaminos

Canyon
Dive #/Species S13¢C 5348 5348 *f og Total PAH
Tissue %o %o %o (ng/g dry wt.)
2209/
seep mytilid ||
gill 482 +04 -1.8+0.2 28+2.1
n=5 n= n=2
body -46.2 £ 0.3 946 +150
n=35 n=>5
2211
seep mytlid I
whole body -491+ 1.3 +1.6+ 0.8 520 £ 38
n=5 n=5 n=2
2209/
Escarpia Sp. -35.8 -8.4 761
n=I n=1 n=1
221 1/
Lamellibrachia -20.7 -23.2
Sp. n=I n=I

data IS mean * standard error
-=not analyzed



Fig. 1

Location of Alaminos Canyon in the Gulf of Mexico.
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Fig. 2. Approximate location of chemosynthetic communities in
Alaminos Canyon. Oblique perspective view of Alaminos Canyon
derived from SEA BEAM multi-beam echo-sounder mapping. . Depths
were determined using an accoustic wave Velocity of 1.5 km/see.

Vertical exaggeration 5:1; northwest is top.



EES




Fig. 3. Photograph of mussels (A) and tube worms (B) attached to a

carbonate structure at site 1 (dive 2209) in Alaminos Canyon.
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Notice to Lessees and Operators of Federal Oil and
Gas Leases in the Outer Continental Shelf Gulf
of Mexico OCS Region

Implementation of Measures to Detect and
Protect Deepwater Chemosynthetic Communities



U.S. DEPARTMENT OF THE INTERIOR
MINERALS MANAGEMENT SERVICE
GULF OF MEXICO 0CS REGION

No. 88~ 11 Effective: Eebruary 1, 1989

NOTICE TO LESSEES AND OPERATORS OF FEDERAL QIL AND GAS LEASES
IN THE OUTER CONTINENTAL SHELF
GULF OF MEXICO ocs REGION

Implementation of Measures to Detect and Protect Deepwater Chemosynthetic
Communities.

A. Introduction and Background

Deepwater (greater than 400 m) chemosynthetic organisms have recently been
discovered in the Gulf of Mexico (GOM). Chemosynthetic communities are
assemblages of tubeworms, clams, mussels, bacteriamats, and other associated
organisms. Many of the species,while similar to those of other deepwater areas,
including the vent communities of the Galapagos Ridge, are new to science.While
generally widespread and in low densities, there are examples of very high
densities of the organisms in apparently very small, isolated areas. These areas
of high-density communities are apparently associated with hydrocarbon sesps,
vents or gaseous sediments. Oil and gas activities, which disturb the seafloor
where such dense communities are located, will cause damage to any of these
communities with which they come into contact. Such activities would include
(but not be 1imited to) anchoring placement of seafloor templates, and
installation of pipelines.

Regulatory authority to require avoidance or protection of chemosynthetic
communities and avoidance of shallow hazards, SUCh &S vents or gaseous sediments,
appear at several places in 30 CFR 250. General provisions concerning protection
of fish and other aquatic 1ife are at 30 CFR 250.5(a) and 30 CFR 250.20(a).
Specific provisions concerning sea bottom hazards at particular sites are at 30
CFR 250.33(b)}(1)(ix) for exploration plans, 30 CFR 250.34(b)(1){vi{) for
development and production plans, and 30 CFR.250.139(b)(2) for foundations.

Detailed data regarding the extent. location, structure, and relationship of
these communities {0 the local geophysical environment are at present
unavailable. Currently, operators 1n water depths greater than 400 m are
required to provide certain data fn order for Minerals Management Service (MMS)
to make determinations regarding the possibility of chemosynthetic communities
being present-and the” potential of their being harmed by-exploration and
development activities. These requirements were previously imposed on a case-by-
case basis, howaver these requirements are now included in a letter to lessees
dated October 12, 1988, which specifies information required for Plans of
Exploration (POEs) and Development Operations Coordination Documents (DOCDs) for
oil and gas leases in the GOM OCS Region.



B. Purpose and Scope

It is the purpose of this Notice To Lessees and Operators (NTL) to informall
operators of leases in water depths greater than 400 m of the requirements
currently being Imposed by MMS and to provide a consistent and comprehensive
approach whichwill avoid damage to high-densfty chemosynthetic communities. The
requirement of Part C below shall apply to all operations of GOM leases in water
depths greater than 400 m and shall remain in effect until superseded.

c, Implementation

1. Beginning Eebruary 1. 1989, owners and operators of leases on blocks
In water depths of 400 m or deeper In the G(3M shall comply with the

following:

‘a.

Prior to approvals of Applications for Permit to Drill. (APDs)
and Pipeline Applications, the operators shall delineate all
seafloor areas which would be disturbed by the proposed
operations. Additionally, an analysts of geophysical
information for these areas, as well as any other pertinent
information available. shall be furnished which discusses the
possibility of disturbing geological phenomena (such as
hydrocarbon charged sediments, seismic wipe-out 2zones, -
anomalous mounds or knolls, gas vents, or oil seeps) that
could support chemosynthetic organisms.

If the subsequent review by MMS of the analysisrequired

by l.a. above results IN A determination that high-density
chemosynthetic communities may be present and could potentially
be banned by the proposed activities the operator will be
required to:

(1) modify the application to relocate the proposed
operations to avoid impacting possible chemosynthetic
communities; or

(2) modify the application to provide additional information
(perhaps 1ncluding a photo-survey? a video-survey, or
already available Information) which documents whether
high density chemosynthetic communities exist in the
areas of concern; or

(3) adhere to certain conditions of plan or application
approval, such as use of a remotely operated vehicle to
precisely set anchors, or to ensure that the proposed
anchor pattern does not impact chemosynthetic
communities, to monitor impacts caused by the proposed
work, or any other condition deemed necessary by the
Regional Director.



2. The requirements of this section may be revised as new information is
received.

0. Intent

The provisions of this NTL are Intended to provide clarification, description, or
Interpretation of requirements contained {n0CS operating regulations and lease
stipulations. ThisNIL does not impose additional requirements.

x 1 Dighctor Oate
f of Mexico OCS Region

{nerals Management Service

Approved:

/2/// 97/Z{

Date

Associate Director for
Offshore Minerals Managetfiept
Minerals Management "Service
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Epifaunal aggregations of Vesicomyidae on the continental slope off
Louisiana
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Abstract—Two species of the bivalve family Vesicomyidae living at a depth of 940 m in the
central Gulf of Mexico were photographed, counted and measured. These species, which are
related to bivalves in chemoautotrophic communities in the Gulf of Mexico and at hydrothermal
vents in the Pacific Ocean, occurred here in two apparently distinct aggregations clearly visible on
the sea floor surface. Living vesicomyids were generally found amid a scatter of dead shells and
occurred in densities of 0. S-9.6 individuals per m*. Distribution of living individuals within the
aggregations was patchy. Living clams appear to plow actively through a substrate of silty clay,
leaving behind distinctive, curving furrows up to 205 cm in length. Estimates of density, size

distribution and spatial distribution provide a basis for detection of change in the aggregations
over time and for comparison with similar aggregations.

INTRODUCTION

Communities of deep-sea organisms resembling those reported from hydrothermal vents
in the Pacific Ocean have been found in the Gulf of Mexico at a cold-sulfide seep at the
base of the Florida Escarpment (PauLL et a., 1984) and at a petroleum seep on the
continental slope off Louisiana (Kennicutr et al., 1985). The Pacific Ocean hydrothermal
vent communities are remarkable because they depend on a nonphotosynthetic carbon
source obtained by metabolizing reduced inorganic compounds, particularly sulfides,
present in the vent effluents (FeLeeck, 1%1; CAVANAUGH, 198S; xmsonet al., 1986).
Analysis of stable carbon-isotope ratios in the clams Calyptogena ponerossa and Vesico-
mya cordata (Vesicomyidae) from the Louisiana petroleum seep indicate that these
organisms also depend at least in part on a nonphotosynthetic food source (KEnNICUTT ef
d., 1985). Ecological comparisons between seep communities in the Gulf of Mexico and
Pacific Ocean hydrothermal vent communities have been limited. One would expect the
physical and chemical differences between the two habitats to be reflected in the
distribution patterns, densities, and population characteristics of seep organisms.

We analysed photographs of assemblages of two species of Vesicomyidae and were
able to quantify their spatial distribution and to inventory their numbers. Our results
describe characteristics of these assemblages that can be attributed to the animals
behavior and to properties of their environment.

“LG L Ecological Research Associates, Inc.. 1410 Cavitt St.. Bryan, TX 77801, U.SA.
UTS'PAresent address. Department of oceanography, Texas A & M University, College Station, TX 77843,
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METHODSANDMATLERIALS

Photographs of the scafloorweretaken during an ccological survey of the northern
Gulf of Mexico continental slope. The survey was conducted in a series of five cruises
that occupied atotal of G0sampling stations (Fig. 1). Approximately 750 phonographs
were taken at each sampling station. Ttte camera sled was suspended from the vessel so
that the plane of focus was paralléel to the bottom and was “flown’” at atitudes of 0.5-
45 m as the vessel slowly drifted along transects 1500-5000 m in length. The ,camera
system included a clock and an altimeter (Benthos modcl 2210) that recorded the time
and altitude above the bottom on each photograph. Camera altitude was maintained by
adjustments to the winch in response to readings from the altimeter, which were
transmitted tothe vessel by a secondary pinger. The heading and drift speed. monitored
on a LORAN C navigation system, were usually constant throughout the transect. The
camera (Benthos model 372) had a 28 mm fixed focal-length lens and was loaded with an
We-exposure roll of 35 mm Ektachrome film (ASA 200). Photographs were exposed
every 8 s. Illumination was provided by a high-intensity strobe (Benthos model 383) that
was mounted at an angle of 45°.

The scale of the photographs was calculated from their exposure’ altitude and the
acceptance angles of the camera lens. Knowing the scale of the photographs allowed us
to interpret the area of the bottom shown in each photograph as a quadrat sample of the
survey site (G rassie et d., 1975; RipLEY, 1981) and to measure the length of individual
clams. Variations in exposure altitude caused the area of the quadrats to vary between
0.3and 11.5 m°(mean = 2.2 m?). Photographs exposed outside this range of altitudes

were disregarded. The resulting sample consisted of a series of quadrats of various sizes,

26°

1 T T 1 L)
94+ 92 90" es* as®

Fig. 1. Chartof study area showing sampling stations. The stations were grouped in four
transects. west, west-central, central and east. Aggregations of vesicomyids were photographed
at central transect station number 7 (arrow).
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Table 1. Sample size of the photo-transeet and abundances of three categories of vesicomyid specimens in the
phatographic quadrars

Sample size Abunadance
Transect Transect Numberof — Sum of quadrat Dead Living Vesicomyid
segment length (M) quadrats areas (m-) valves  vesicomyids trials
Total transcct 1520 493 1470 2460 3(15. 420
Aggregation | 140 46 117 913 90 155
Ageregation 2 95 38 159 1462 213 265

irregular y spaced along the transect (Table 1). The location of each photograph on the
transect was calculated fromits time of exposure and the total time of the transect.

All photographs that contained visible organisms were projected onto the platen of a
digitizer, which was used to record the length and counts of the individuals in the
photographs. The digitizer operator recorded the camera altitude and time of exposure
for each photograph on a microcomputer connected to the digitizer, and then used the
digitizer's cursor to count and measure the subjects in the photograph. Data records from
the digitizer were transmitted from the microcomputer to a database. Custom software
used the scale of the photographs to convert the digitized images and counts into
estimates of lengths and densities of bivalves that were then available for analysis.

RESULTS

A total of 90,000 photographs was obtained from the study (Fig. 1). Organisms
observed among the photo-transects included decapod crustaceans, echinoids and fishes;
however, the overwhelming majority of individual photographs-did not contain orga-
nisms. The most abundant organism was a small holothuroid that occurredin high
densities (up to 86 per m®) at several of the central transect stations. Bivalves and shell
fragments were extremely rare. An exception to this occurred at Sta. C7 (Fig. 1), which
is located at 27°45°30"N and S!I”sg’'18"W at a depth of 940 m. Numerous bivalves were
observed in the photographs from this station (Table 1). The overal abundance of clams
in the photographs and their apparent density greatly surpassed that of bivalves at any
other station and were second in abundance only to the holothuroids.

The bivalves in the photographs were identified by F. J. Rokop (personal communica-
tion) as two species of the genera Calyprogena and Vesicomya (Vesicomyidae). Vesico-
myids collected at a similar depth from a site approximately 60 nmi from Sta. C7 were
identified as C. ponderosa and V. cordata(KennicuTT et al., 1985). Careful comparison
of some of these specimens with a few well-photographed individuals showed that the
species C. ponderosa and V. cordata were present. Most specimens in the photographs
could only be identified as vesicomyids, and many could not be positively identified at
the family level; however, general similarities in the shape and ¢olor of the shells and of
trails left by living individuals suggested that the clams in the photographs were
predominantly C. ponderosa and V. cordata.

Vesicomyids were by far the most abundant organism seen on the phototransect. The
photographs showed living specimens, dead valves, and trails in the surficial sediment
(Fig. 2). The living clams often appeared amid a dense scatter of dead and partly buried
valves, both in groups (Fig.2A) and as solitary individuals (Fig. 2B). Individual valves
from dead clams were either widely gaped or disarticulated with the valve concavity
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visible: each valve was counted (Fig. 2C). The specimens that could not be classified
immediately were partly buried with the convex side uppermost (Fig.2D); these
specimens were added to the count of gaping or disarticulated valves. The total number
of dead individual bivalves (Table 1) was calculated as half the number of gaping or
disarticulate valves. Some Of the doubtful specimens may have been alive, so classifying
them as dead would over-estimate the number of dead specimens; however, dead valves
clearly constituted the dominant category in almost all quadrats.

Living vesicomyids were usually oriented in a nearly horizontal position with the hinge
and umbo visible above the sediment (Fig. 3a). The animals apparently plow through the
surface layer of sediment, leaving behind distinctive trails. Vesicomyid trails were vee-
shaped, curving furrows; both species left trails (Fig. 3a). A second, more delicate form
of trail was sometimes seen among the clams {Fig. 3b). These trails, which were narrow,
had distinct edges and disturbed only the uppermost layer of the sediment, were easily
distinguished from the vesicomyid trails.

Counts of the specimens visible on the surface in each quadrat thus were divided into
three categories: living vesicomyids, dead vesicomyids and vesicomyid trails. The results
of these counts showed two regions of high abundance on the transect, which together
constituted < 19°/0 of the total area photographed (Table 1). The distance between these
regions suggests that we sampled two spatially distinct aggregations of vesicomyids
(aggregations 1 and 2) that were at least 140 and 95 min length, respectively, and
separated by no more than 480 m. Figure 4 shows that although the proportions of living
and dead varied, living clams were usually intermingled with shells from dead indivi-
duals. Dead clams (calculated as half the number of individual valves) outnumbered
living clams by 5:1 and 3:1, respectively, in the two aggregations. Mean densities of living
vesicomyids in aggregations 1 and 2 were 2.32 per m*(S. E. 0.67) and 2.71 per m*(S. E.
2.27), respectively. Variations in the densities of trails appeared to mirror the variations
in the density of living vesicomyids, and both densities were reduced where the density of
dead clams was highest (Fig. 4). The number of trails exceeded the number of living
clams in photographs in which long trails were broken (i.e. those without a clam at one
end) or the trail makers were out of the picture.
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Fig. 4. Point estimates of density for living and dead vesicomyids and vesicomyid trails;

obtained by dividing the count of each category ina quadrat by the quadrat area and plotted
against their position along the transect. The number of dead individuals was calculated as half

the number of individual dead valves.
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Fig. 3 Photographs of the two types of trails observed in the aggregations of vesicomyids. (a) A
vesicomyid in characteristic plowing position and its veemao%qétcurvingr trail. (tt)Pw showsthe faint

surface trails formed by a second trail-making organism occurred in“the aggregations

(arrows). Only trails similar [0 those in (&) were included in the analyses.
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Valve lengths were recorded to the nearest millimeter whenever both ends were
clearly visible. Partly buried individuals were not measured, so the measurement sample
was a subset of the total number of clams in the photographs. The resulting frequency
distributions are shown in Fig. 5. Because the living clams were often angled toward the
camera, inaccurate measurements may have resulted from the foreshortening effect.
Dead valves tended to be more visible, particularly when the concave side was uppermost.
Trails were also measured, and they ranged in length from 4 to 205 cm (mean. 34 cm).

The sediment within the aggregations and throughout the photo-transect was
uniformly fine-grained, with little surficial carbonate rubble apart from the clam shells,
and the bottom contour of the surrounding area was regular. Despite the apparent
homogeneity of the habitat, the density of clams varied considerably (Fig. 4), which
suggested that their distribution was clustered or patchy within the aggregations. To
determine the degree of patchiness, we computed three indices for the living vesicomyids
within the aggregations (Grassieeral., 1975; RipLey, 1981): the index of cluster Size
(ICS):

|CS ~(s27) -1
the index of cluster frequency (ICF)
ICF = X/ICF
and Morisita’s [
Is = nZx(x; D{nx(nz 1)},

where x; is the count in quadrat { and n is the number of quadrats. To calculate these
indices, we pooled quadrats within selected intervals of quadrat areas. This allowed us to
compare the effect of the scale of variation on patchiness (Table 2).

The values shown in Table 2 suggested that living vesicomyids had a patchy distribu-
tion within the aggregations. The Morisita’'s /5 values were substantially greater than
zero, and a Chi-square test for ICS values showed al to be significantly greater than zero
(F =0.05). There are two probable distributional forms that could result in the type of
patchiness indicated by these indices: a point-cluster process and a random-rate Poisson
process (DouctLas,1975). In a point-clustered distribution, the organisms might tend to
occur in association with discrete environmental features (e.g. fish clustered around
points of topographic relief; see BoLano et al., 1983). Diagnostically, this would result in
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included all fully visible vesicomyid valves in the phototransect.
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Table 2. Diagnostic indices for living Vesicomyidae photographed in two aggregations on the continental slope
sowth of Louisiana. Indices shown are index of cluster size (ICS), index of cluster frequency (1CF) and Morisua's
Lo tndex. The altimeter on the camera system was accurate o tenths of meters; the photographic guadrat arcas
were pooled in 1 m intervals 1o increase sample size. Results obtained for actual quadrat areas were consisient
with these intervals. 1CS values greater than zero are an indication of patchiness. 1CF values are diagnostic of the
aggregating mechanisms. The 15 values were calculated as a consistency check on the pooled resulis

Interval midpoint Number of ICS ICF Morisita’s /,
(m?) quadrats [(s%%) - 1] (3/1CS) [PZxfx, = 1)/ {ni(ni - 1)}]
1.5 8 2.619 0.573 2996
2.5 24 : 4.867 0.728 2.403
3.5 18 14.192 0.348 3914
4.5 8 4.591 1.552 1.674
5.5 © 8 12.000 0.500 _ 3.064

ICF values that have a strong positive correlation with quadrat size (Rieev, 1981). This
trend was not evident in the ICF values for vesicomyids in the two aggregations. It is
likely therefore that the distribution of clams in the two aggregations is parsimoniously
modeled with a random-rate Poisson process. This implies that within the aggregations
the living clams occurred randomly, but with a varying rate of intensity.

DISCUSSION

At hydrothermal vents and other areas where inorganic compounds are issuing
- through surface or near-surface fissures, living Calyptogena align themselves in dense
rows within the active fissures (HessLER et al., 1985; Suess et al., 1985). The utilization of
reduced sulfides by Calyptogena suggests that an aggregation of these clams marks a
discharge of sulfides at a site; their fine-scale distribution shows the localization of the
points of discharge (CHiLDRESS and MICKEL, 1985; Coruisset al, 1979). The age of such
an aggregation of clams establishes the minimum period during which discharge has
taken place. Aggregations of Calyptogena that consisted predominantly of living indivi-
duals of a uniform size were judged to be more recently established than aggregations of
dead shells of the same size (Hessterer al., 1985; Coruiss et al., 1979; crane and
BaLLarp, 1980). Aggregations consisting entirely of dead shells are presumed to have
experienced a failure of nutrient supply (GRASSLE, 1985). The proportion of living and
dead and the size and spatial distribution of individuals in aggregations of vesicomyids
are all characteristics that can be used as a basis for comparison between central Gulf of
Mexico seeps and other communities in chemically enriched. environments.

The size range of clams in our photographs suggests that both living and dead
individuals of a variety of ages occurred in the aggregations (Fig. 5). Growth curves for
C.ponderosa and V. cordata are not available and, in any event, the mixture of species in
the aggregations precludes the possibility of proposing an age distribution on pooled size
distributions. The large sample size (n = 1396) suggests that the bimodal frequency
distribution of the individual valves apparent in Fig. 5 was not an artifact of the
measurement technique. This is consistent with the observation by Boss (1968) that C.
ponderosais more elongate than V.cordata. The symmetry of length distributions and
the similarity between the length distributions of living and dead clams were evident.
Growth cohorts did not appear in the size distribution curves. The clams in these
photographs cannotbe described asuniformly sized. Furthermore, careful examination
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of sections of the transects in which dead shells predominated showed that there werc
always some living individuals amid the accumulated dead shells. The smooth shape of
the size distributions and the presence of living individuals throughout the aggregations
may be an indication of continuous recruitment and a stable population.

The siphons of both C. ponderosa and V.cordata are short, barely extending beyond
the posterior margin of the shell (Boss, 196 8). This would suggest activity at or near the
surface sediments rather than in deep burrows. Adult Calypiogena (>90 mm) have been
observed on the surface of soft sediments at depths of 900-1200 m in Sagami Bay, Japan;
while younger forms buried themselves more completely (OHTA and HASHIMOTO, 1986).
The adult clams in our photographs left a clearly etched record of their activity as they
plowed through the surface sediments (Figs 2 and 3). The length of these meandering
trails (up to 205 cm), and their presence throughout the aggregations, showed that the
clams were capable of substantial movement. Accumulation of dead shells in areas still
inhabited by living individuals indicated that the aggregations observed in the photo-
graphs remained in more or less discrete areas for a period greater than the life-span of
individuals and the dissolution time of their shells.

These aggregations of vesicomyids appeared to extend across larger areas (95-140 m)
than the thoroughly mapped aggregations of Calypotogena at Pacific Ocean hydrother-
mal vents. Similar transects across the aggregations would have been about 10-60 m in
length (Hesster €t al., 1985; CRANE and Baiiaro, 1980). Within the Gulf of Mexico
aggregations, the vesicomyids did not occur in regular formations that could be detected
by our photographs. In an area that lacked extensive hard substrate the only apparent
constraint on the occurrence of bivalves was the absence of nutrients. Patchy distribution
of clams within reasonably discrete regions of the transect indicates a nutrient source that
was confined to the areas of the aggregations, but was discontinuous within these areas.
These nutrients must have been sufficiently dispersed to require active searching rather
than passive orientation. Random occurrence of living clams at varying density suggests
gradients in the pore-water chemistry rather than point-sources of nutrients. This is
consistent with the diffuse but variable concentrations of sulfides and hydrocarbons found
in the sediments at the Louisiana seep sites (BROOKS et al., 1984; KENNINICUTT et al.,
1985).

Conclusion

The Vesicomyidae have shown a variety of adaptations. Aggregations at central Gulf
of Mexico petroleum seeps were found at depths of about 700 m (KenNICUTT e al., 1985);
at other cold seeps they have been found from 1200 to 3000 m"(PauLt ef al.,1984; Suess
et al., 1985; HORIKOSHI and ISHII, 1985), and ateastern pacific Ocean hydrothermal vents
they occurred at about 3000 m (HESSLER and SmrtHY, 1983). Calyptogena at hydrother-
mal vents were larger and had higher local densities (CRANE and BALLARD, 1980) than
the C. ponderosa and V. cordatain our photographs, but faced the periodic loss of their
nutrient supply (GrassLe,1985). observations of C.magnifica show that members of this
family can adapt to a relatively passive and epifaunal existence on the basalt substrate at
hydrothermal vents (Turver, 1985). The clams in our photographs showed active
epifaunal behavior on soft substrate. if theyprovetobe typical of petroleum seeps, their

behavior demonstrates additional variety in the adaptation of Vesicomyidae to chemi-
cally enriched environments.
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ABSTRACT

Organism tissues from areas of natural oil seepage contain significant
amounts of polynuclear aromatic hydrocarbons (PA H). Higher con-
centrations are found in sedentary organisms (i.e. mussels and tube worms)
than in more mobile species (i.e. fish). The PA H distributions indicate that
the seep Organisms are exposed to sediment and/or water associated PAH.
The concentration and composition of PAH in sedentary organisms are
similar to that of an oyster from a coastal site indicating similar mechanisms
of PA H uptake, deputation and accumulation. Tissue PA H concentrations
indicate that these organisms are chronically exposed to high fevels of
petroleum in their environments and yet thriving communities are present at
these locations. Microbial biomass in these seep areas is also substantially
enhanced, and the carbon isotopic composition of tissues of organisms from
higher trophic levels reflects the incorporation of bacterial biomass. The
sedimentary sulfur cycle is heavily influenced by the process of natural oil and
gas seepage and plays a key role in maintaining these communities. The
primary source of isotopically light carbon to the system can be solely derived
from chemosynthesis ( H,S or CH,4). The role of degraded oif as a partial
source of light carbon to some organisms cannot be: ruled out.

INTRODUCTION

Bivalve populations in coastal areas have been used extensively to determine
the fate and effect of hydrocarbon contamination (Blumer et a/., 1970;
19
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Barrington & Quinn, 1973; Boehm & Quinn, 1976; Philips, 1980). Mussels
(Mytilus sp.) and various oyster species (Crassostrea and Ostrea) are used as
sentinel organisms to monitor hydrocarbon pollution in coastal waters
(Bravo et al,, 1978; Cossa et al., 1983; Barrington et al., 1983; Martin &
Castle, 1984; Lauenstein & O’Connor, 1988; Wade et al., 1988). Bivalves
exhibit low or undetectable enzyme activity for metabolizing xenobiotic
compounds such as polycyclic aromatic hydrocarbons (PAH) when
compared to fish and crustacea (Lee et al., 1972), and, therefore, bivalves
bioaccumulate xenobiotic contaminants without alteration.

Biological communities associated with petroleum seep areas in southern
California have been extensively studied (Spies et d., 1980; Davis & Spies,
1980; Montagna et al., 1987). Deposit feeders from these seep areas have
tissue carbon isotope ratios suggestive of a petroleum source (Spies &
DesMarais, 1983). Microbial biomass is greatly enhanced at these seep sites,
indicating that the microbes are responsible for the trophically enriched
infaunal populations in these seep areas (Montagna et alL, 1987). The
southern California seep areas are enriched in heterotrophic activity, have
an unusual sedimentary sulfur cycle and are areas of enhanced colonization
of invertebrates (Spies et aL, 1980). Similar communities have also been
recently discovered at Gulf of Mexico seep sites.

Extensive communities of organisms (including mussels, clams and tube
worms) are intimately linked to the natural seepage of gas and oil on the
continental slope of the northern Gulf of Mexico in 500 to 600 m of water
(Kennicutt et a/., 1985). Carbon isotope analyses, enzymatic studies, and
electron microscopy confirmed that these communities are based on
chemosynthetic utilization of reduced compounds (i.e. H,S, CH,} by
bacteria (Brooks et al.,19874,b). Further studies have shown that mussels
(family Mytilidae) contain endosymbiotic methane-oxidizing bacteria.
Utilization of organic matter derived from bacterial oxidation of methane
can potentially satisfy the mussels' entire carbon and energy needs (Childress
et al.,1986; Cary et al., 1988).

The primary objective of the present study was to determine the PAH
concentrations in tissues of organisms collected close to known oil seepage.
The nutritional dependence of the symbionts, such as the mussel/bacteria
system, on reduced compounds from seepages, requires them to be
chronically in contact with high hydrocarbon concentrations. Though Spies
et al. (1980) were unable to demonstrate adaptation to the high hydrocarbon
environments, it was suggested that adaptation may account for mitigating
effects. This obligate association of oil and organisms may provide
information on the bioaccumulation of PAH by organisms in an ecosystem
that has apparently evolved and thrives in the presence of high PAH
concentrations. A secondary objective was to determine water column and
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sediment PAH distributions to compare with the organism tissue PAH
distributions.

MATERIALS AND METHODS

Sediment, organism, and water samples were collected with piston cores,
benthic trawls, and clean 20-liter Niskin bottles, respectively, on R/V GYRE
Cruises 85-G-5 and 86-G-2 (Table 1). Additional organism samples were
collected with the submersible Johnson Sea-Link on Dive 1877, and
sediments and organisms were also collected with the US Navy nuclear
powered submersible NR-1. Upon retrieval, organism and sediment samples
were frozen in precleaned aluminum foil or glass jars with teflon-lined screw
caps. The sediment and organism samples were frozen and returned to the
laboratory for further processing and analysis.

Internal standards were added to all samples before extraction. The
aromatic internal standard contains d,- 1,4-dichlorobenzene, ds-
naphthalene, d, ,-acenaphthene, d, o-phenanthrene, d, ,-chrysene, and
d,,-perylene. Internal standards were added at a concentration level
similar to that expected for sample analytes.

Water samples were extracted on the ship immediately after collection.
The water was acidified to a pH of 2 or less with HCl and aromatic internal
standards, containing d,- l,4-dichlorobenzene, dg-naphthalene, d ,,-
acenaphthene, d , ,-phenanthrene, d , ,-chrysene, and d, ,-perylene were
added. The water samples (38 to 521) were extracted 3 times. The extraction
was accomplished with a stirrer and motor in 3 to 5, 19 liter clean glass
bottles. The contents of each bottle were extracted with a total of 900 ml of
methylene chloride. The combined methylene chloride extracts were
evaporated to near dryness in a rotary flash evaporator and analyzed
directly by gas chromatography/mass spectrometry (GC/MS).

Approximately 15 g of freeze-dried sediment (dry weight) was extracted
with methylene chloride for 16 h in a Soxhlet apparatus. Extracts were
stored refrigerated if not immediately fractionated by column chroma
tography. A push core collected on the NR-1 was visibly oil stained. After
the core was extruded, the oil was removed with a spatula and dissolved in
CH ,Cl,. The CH,Cl, extract was then filtered through a Gelman A/E glass
fiber filter coated with NaSO, to remove particles and water. The sample
was diluted and analyzed directly by GC/MS.

Soft tissue (bivalves, gastropod, tube worms) was removed from hard
shells or tubes while still partialy frozen, and the entire soft tissue and
accompanying body fluids were homogenized with a Tekmar Tissuemizer.
Fish samples were skinned and filleted frozen and the fillets homogenized
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TABLE 1
Carbon Isotope Values (c5'3C in %o Relative to PDB) and Total PAH Concentrations (rig/g
Dry Weight) in Organisms and Sediments from Seep Areas

Description Location 8t3C Total

(%0). PAH™

(rig/g)
Sediment core 46 m** GC 287*** 282
Sediment core " 4-2m** GC 233/234 177
Sediment core 34 m** GC 272 6800

Trawl Collections

Clam Calytogena ponderosa GC 287 -37-0 129
Tube worm Lamellibrachia sp. GC 272 -364 1120
Scallop GC 272 - 169 66
Shrimp Stereomastis sculpta GC 272 - 176 32
Fish Halosaurus guentheri GC 272 —203 <10
Crab Geryon quinguedens GC 272 —262 58
Mussel Mytilidae p. GC 233/234 —485 147
Snail Neogastropod GC 233/234 -27-3 46
Snail Gaza fisheri GC 233/234 -20.8 <10
Crab Spider crabs GC 233/234 -29-6 56
Shrimp Stereomastis sculpts GC 233/234 -1771 50
Fish Halosaurus guentheri GC 233/234 - 181 <10

Sea-Link Collections”
Mussel Mytilidae Sp. GC 185 — 241 36
Tube won-n Lamellibrachia sp. GC 185 —239 73
NR-1 Collections
Mussel Mytitidae p, push core 9 GC 185 —429 3550
Snail Gaza fisheri, Basket No. 2 GC 235 -~ 387 319
Mussel Mytilidae p, Basket No. 2 GC 235 — 508 121
Mussel Mytilidae Sp, body GC 235 -31"1 243
Mussel Mytilidae sp, gill GC 235 —380 1660
Tube worm Lamellibrachia sp, Basket No. 2 GC 235 -20.3 87
Mussel Mytilidae sp, Basket No. 1 GC 185 -39"3 712
Mussel My tilidae sp, Push core 8 GC 185 -39°5 7530
Status and Trends Mussel Watch Collection
Oyster Crassostrea virginica Barataria Bay -219 1900

* Total PAH includes the sum of naphthalene, methylnaphthalenes, biphenyl, dimethyl-
naphthalenes, acenaphthene, fluorene, phenanthrene, anthracene, methylphenthrenes.
fluoranthene, pyrene, benz(a)anthracene, chrysene, benzo{e)pyrene, benzo(a)pyrene, perylene,
dibenz(a,h)anthracene.

** Core section is 20 cm cut starting at this core depth (i.e. 4:6 m).

*** GC stands for Green Canyon, the number refers to the lease block number.
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with a tissuemizer. A subsample of these homogenates was removed for dry
weight determination by oven drying.

Approximately 15 g (wet weight) of tissue were required for analyses.
Tissue analytical techniques were similar to those of MacLeod et a/. (1985).
The tissue was macerated in CH,Cl, and Na,SO, with a Tekmar
Tissuemizer for 5 min. The mixture was centrifuged and the extract
decanted. This process was repeated three times. Extracts were concentrated
with a Kuderna-Danish (KD) Evaporative Concentrator to 0-5-1ml (60°C).
Again, concentrated extracts were stored refrigerated if not immediately
fractionated.

Each set of samples (6-8) was accompanied by a complete system blank
and a spiked blank which was carried through the entire analytical scheme in
a manner identical to the samples. System blanks include only reagents and
internal standards. Spiked blanks include quantitative amounts of all
analytes as well as al internal standards.

Separation of aromatic hydrocarbons from other organic compounds
was by alumina/silica gel chromatography. Alumina (10 g, 400°C/4 h,
deactivated 1%) was slurry packed in CH,Cl, over silica gel (20 g,
170°C/12 h, deactivated 5%). Copper powder was added to the column for
sediment samples to remove sulfur. The CH,Cl, was replaced with hexane,
and the extract, in 1 ml of hexane, was transferred to the column. The
column was then eluted with 50 ml of pentane (f;) and 200 ml of 1:1
CH,Cl,: pentane (f,). This recovered ‘the aliphatic (f,) and aromatic
hydrocarbon (f,) fractions. The f, fraction was concentrated with KD
concentrators.

The aromatic fraction for organism samples was further purified by
Sephadex LH-20 chromatography in order to remove interfering lipids. The
adumina/silica gel aromatic hydrocarbon (f,) fraction was dissolved in 2 ml
of 6:4:3 hexane :CH;OH:CH,Cl, (Ramos & Prohaska, 1981). Sephadex
columns were calibrated with azulene and perylene standards before
samples were applied. The extract was transferred to the column and 150 ml
of the 6:4:3 mixture was added. The first 40 ml were discarded. The next
60 ml of eluate were collected. After each sample, S0 ml of the 6:4:3 mixture
was used to wash the column and was discarded. The collected fraction was
then concentrated with a KD concentrator apparatus. Some of the
tube worm samples were treated with copper powder to remove sulfur.

Quantitation of the aromatic (f,) fraction was by selected ion monitoring
(SIM mode) by gas chromatography/mass spectrometry (GC/MS). Mass
fragmentation was accomplished in an electron impact mode with 70 eV
electrons. Sample components were separated on 30 m (DB-5,0-:25 mm id)
fused-silica capillary columns with carrier flow (He) of 2-3 ml/min. Sample
injections were cold-trapped on the capillary column for | min at 40°C. The
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GC oven was then heated to 300°C at 12°C/min. Each component of interest
was quantified based on the calibration of the peak area of its molecular ion

with an authentic standard. Deuterated internal standards were easily
differentiated due to the differences in the molecular ions monitored with no
interferences (i.e. naphthalene m/z =128, dg-naphthalene = 136). Two fully
automated GC/MS systems were used: Hewlett-Packard. (HP) 5996
GC/MS/DS and HP 5970 GC/MSD/DS. The HP Aquarius software uses a
triple point calibration at three concentrations for each component for
quantitative analysis. Blanks and spike blanks were run with each sample
set. Analyte concentrations were corrected for blank levels. The limits of
detection for individual aromatic compounds for tissues, sediments and
water were 10 rig/g, 5 rig/g and 0- 1 ng/liter, respectively. The PAH analyzed
include naphthalene, methylnaphthalene, biphenyl, dimethylnaphthalenes,
acenaphthene, fluorene, phenanthrene, anthracene, methylphenanthrenes,
fluoranthene, pyrene, benz(a)anthracene, chrysene, benzo(e)pyrene,
benzo(a)pyrene, perylene and dibenz(a,h)anthracene.

Samples were prepared for stable carbon isotope analyses by the closed-
tube combustion method (Brooks et al., 1987c). The sample is combusted at
800°C for 24 h in the presence of cupric oxide. The carbon dioxide produced
was analyzed on a Finnigan MAT251 isotope ratio mass spectrometer with
atriple collector. Abundance of carbon isotopes in the samples are reported
relative to the Pee Dee Belemnite standard.

RESULTS AND DISCUSSION

Sample collection locations, descriptions, 613*C values and concentrations of
the sum of PAH measured are reported in Table 1. All of these samples were
collected in areas of known oil seepage. However, the exact juxtaposition of
oil seepage organisms collected with the benthic trawl is unknown.

The 613C values of organisms are useful in tracing the source of their
carbon (Brooks et aL, 1987b). Seep organisms that derive a substantial
proportion of their carbon directly or indirectly from methane have very
negative 6 1*C values (Kennicutt et aL, 1985; Brooks et al.,19875). Organisms
that derive their carbon mainly from marine phytoplankton have carbon
isotope values ranging from — 19 to — 2 1%o (Gearing et al.,1984). The
carbon isotope values measured for organisms from these sites can be
divided into three groups: (1) heterotrophic ( — 14 to — 20%0);(2) sulfur-based
(— 30 to —42%); and(3) methane-based ( < —40%0). Immobile (tube worms,
mussels, clams), moderately mobile (scallops, gastropod, crabs), and very
mobile (fish and shrimp) species were analyzed.

The 6! 3.values of organisms reflect their carbon source or sources.
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Fig. 1. Relationship between &'3C values and total measured PAH concentrations (see
Table 1 for explanation).

Because there is seepage of both methane (6**C = -40 to —45%o) and oil
(6'3C = _26'5 to -27-5%0) and the oil contains PAH in these areas, a
covariance in tissue 6!3C and total PAH concentration of organisms
collected at these sites was expected. A plot of tissue 8'3C values and total
measured PAH concentrations is illustrated in Fig. 1. The fish and shrimp
analyzed had heavier, !'3C-enriched, carbon isotope values (- 16:9 to
— 20-8), reflecting a heterotrophic source of ‘carbon for these mobile
organisms. The range of tissue PAH concentrations for these organisms is
<10 to 66 rig/g. In contrast, the tissues that are depleted in '*C (— 365 to
— 50-8), confirming the presence of chemosynthetic carbon, have limited
mobility, with the exception of one snail sample (- 38-7%o). Tissue PAH
concentrations for these organisms range from 121 to 7530 rig/g. The
organism tissues with intermediate carbon isotope ratios (- 23-9 to
- 29-6%e), possibly resulting from mixed carbon sources, have limited or
moderate mobility. These tissues also have intermediate PAH con-
centrations ranging from 46 to 73 rig/g. Tissue 6*3C values and PAH
concentrations may reflect: (1) proximity to oil and gas seeps for limited
mobility organisms or (2) residence time in these areas for the more mobile
organisms. Bivalves are known to have little or no enzymes for metabolizing
PAH, as compared to fish and crustacea (Lee et al., 1972). Therefore, an
alternative explanation for the lower PAH content of the non-bivalve
organisms may be their innate ability to metabolize PAH.

The variability of §**C values of tube worms (- 364 to — 23-9%.) and
mussels (- 48:5to - 24-1%e) indicates that these seep organisms may derive
their carbon from methane, oil, and/or other sources. The 6!3C values of
snail tissues (— 20-8 to - 38-7%o) reflect the carbon they most recently
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ingested. Generally, organisms with isotonically lighter carbon values have
higher PAH concentrations, possibly reflecting greater exposure to the
seeping oil. The PAH concentrations were highest in the sediments collected
near tube worms with the highest PAH body burden, though oil
concentrations in the sediments are highly variable.

The gill and remaining body tissue of one mussel sample were analyzed
separately (Table 1). The gills had a 6!*C value of — 38-0% and PAH
concentration of 1660 rig/g, while the corresponding values for the
remaining body tissues were —31* 1%, and 243 rig/g. In contrast, previous
studies found that mussel gill and body tissues had similar 6! *C values
(Childress er aL, 1986). The resolution of this discrepancy based on the one
sample analyzed as part of this study will require additional analyses. The
gill represents about half of the total tissue weight of these mussels.
Therefore, the gills analyzed in this study contain approximately 90% of the
total PAH. The symbiotic bacteria that convert methane to organic material
are located in the gills, which are aso the probable entrance route of PAH
into the mussel. Further study is required to confirm and understand the
reasons for elevated PAH concentrations in the gill.

The concentration of naphthalene, total methylnaphthalenes, biphenyl,
total dimethylnaphthalenes, acenaphthene, fluorene, and phenanthrene in
water, sediments and organisms was divided by the sum of the
concentrations of these compounds in a sample and multiplied by 100 to
allow for comparison of sample compositions. The distribution of PAH in
water, sediment, oil, and various organisms is illustrated in Fig. 2. The water
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Fig. 2. Weight percentage composition of PAH in selected samples. Nap = naphthalene,
McN = methylnaphthalenes, Bi = biphenyl, Di = dimethylnaphthalenes, Ace= accnaph-
thene, FI = fluorene, Ph = phenanthrene. For example. %Nap = (Nap - Nap + MeN +
Bi + Di + Ace + Fl + Pb) x100.
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contains a higher percentage of naphthalene and methylnaphthalenes than
does the oil, while the oil contains a higher percentage of dimethyl-
naphthalenes, fluorene and phenanthrene. The oil from the sediment also
contains PAH of molecular weights higher than phenanthrene while the
water did not.

The concentration of total measured PAH in the water samples from
570 m depth at Green Canyon 233/234 was 28 rig/liter and most likely results
from dissolution of seeping oil. Gas bubbles (probably methane)
continuously emanate from the sediments in these seep areas and entrain
traces of higher molecular weight hydrocarbons that can dissolve in the
overlying water column. Gas bubbles have been observed breaking at the
surface and producing an iridescent sheen of oil at the water surface at this
site (Brooks et al., 1987a). The relatively greater water solubility of lower
molecular weight aromatic hydrocarbons (i.e. naphthalene) results in their
enrichment relative to higher molecular weight PAH in the overlying water.
The extractable PAH concentrations measured in this Gulf of Mexico deep
water seep area are an order of magnitude lower than volatile PAH
concentration (0-15-5-2 ug/liter) at a California seep area (Stuermer et a/.,
1982).

The distribution of PAH in selected mussels, tube worms, and snails from
the seep area, as well as an oyster sample from Barataria Bay, Middle Bank,
LA (Brooks et aL, 1987¢) is compared in Fig. 2. The organisms’ PAH
distributions are intermediate when compared to the water and oil
compositions. The organisms generally contain relatively more lower-
molecular-weight aromatic compounds than the sediments or separate
phase oil. This may be due to the availability of naphthalenes dissolved in
the water or preferential uptake of lower molecular weight PAH by the
organisms. Similarities in PAH distributions of the near-shore Barataria
Bay, as well as other Guif of Mexico oysters (Wade et aL, 1988) and seep
organisms indicate that similar mechanisms of uptake and deputation may
be occurring at these sites.

Acenaphthene was detected only in the water, tube worms, snail and
coastal oyster samples. Its source is unknown. Fluorene, a structurally
similar compound, was detected in the oil and al organisms, but not in the
water sample. These differences may reflect variations in water and oil
composition with time whereas organism and sediment PAH represent a
time averaged composition over months or years.

CONCLUSIONS

Tissues of organisms that are obligately associated with areas of massive oil
seepage contain significant amounts of PA H. Higher concentrations are
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found in the tissues of less mobile or sessile organisms. Organisms collected
near sediments containing high concentrations of PAH have the highest
concentration of tissue PAH. It is unclear whether the seep organisms
accumulate PAH from the water or sediment or a combination of both,
though certainly the largest repository of PAH is the sediments. The
similarity of PAH distributions and concentrations in a coastal oyster and in
tissues of organisms from the seep area indicates that similar mechanisms of
uptake and deputation may be occurring at these sites. The seep organisms
are able to survive and thrive in an environment of high PAH exposure. The
apparent ability to cope with these elevated levels of PAH may involve
specially adapted and/or evolved enzyme systems. There is ample
physiological evidence that the primary source of isotonically light carbon
to the system can be solely derived from chemosynthesis (H,S or CH,),
though a contribution of light carbon from the degradation and/or
assimilation of oil cannot be ruled out. The nature, interactions and
mechanisms of the life strategies of the communities at these seep sites are
yet to be fully understood.
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